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Abstract: Tetracoordinated phosphorus atoms in derivatives of cyclophosphazenes are pentavalent and are
potentially chiral. Chirality does not seem to have been investigated nor discussed for any literature examples
of crystal structures of those cyclophosphazene compounds which are expected to be chiral. In cyclotriphos-
phazatriene compounds with ansa-substituted macrocyclic rings the two phosphorus atoms attached to the
macrocycle are chiral, although this-ansa cyclotriphosphazatriene-macrocykle the meso form. Reaction

of 1 with the di-secondary amine, piperazine, provides a convenient way to investigate the chiral configurational
properties of cyclophosphazene compounds. It is found by X-ray crystallography that there are two
configurational isomers (one meso and one racemate) of the singly bridged di(cyclophosphazene-macrocyclic)
piperazine derivativéi, and that there are two configurational isomers (both meso) of the doubly bridged
di(cyclophosphazene-macrocyclic) piperazine derivafiijen 8i one meso form has a center of symmetry

and the other a plane of symmetry. The chiral configurational properties of each stage of the reaction scheme
for formation of6i and8i from 1 have been confirmed B}P NMR spectroscopy and the results are consistent
with inversion of configuration at phosphorus at each step of the reactie?@@R)CI groups with HNRR"

to form >P(OR)(NRR'") derivatives: viz. reaction of with piperazine gives the monosubstituted compound

4i, which exists as a racemate with the macrocyclic ring inttees-configuration; reaction of compourd

with 1 gives the two configurational forms (meso and racemate) of the singly bridged deriGatith the
macrocyclic rings in thérans-transconfiguration; reaction 06i with piperazine gives the monosubstituted
singly bridged derivativeri, which exists as two racemic mixtures with the macrocyclic ringsig-trans
configurations; and intramolecular condensatioigjives the two configurational forms of the doubly bridged
derivative8i with each of the macrocyclic rings in tleés—cis configuration. In this work the configurational
properties of derivatives of cyclotriphosphazatriene rings with two (ogf Nnit) or four (two NsPs units)

chiral centers have been rationalized. It is found that the chiral structures of cyclotriphosphazatriene derivatives
may be represented by 2D molecular diagrams, as long as the Fischer rules for chiral carbon compounds are
followed for phosphorus compounds.

Introduction pentavalent and are potentially chiral, offering considerable

The systematic chemistry of the cyclophosphazenes com-SCOPE for the synthesis and study of configurational variants.
The possibility of optical isomerism was first discussed in a

menced about 40 years ago, when the separation and charac

terization techniques of organic chemistry were applied to this revie_w in _1962,_viz. with two different substituents, X_and Y,
“inorganic” group of compounds. The subject has been exten- 96Minal trisubstituted compounds (type 1), and nongentiaab

sively reviewed over the yeats* Geminal and nongeminal di- and tetra-substituted derivatives (type Il) lack all elements
’ .. . 1

replacement paths were observefiPositional and geometric ~ ©f Symmetry:

isomers were isolated and characteri2zeohd in a number of X X

cases confirmed by X-ray crystallography. The tetracoordi- X v X
nated phosphorus atoms in cyclophosphazenes (NP&AM «
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present, together with earlier literature data) shows that a numberl2) in benzene solutiéf5 provide a very convenient way to

of systems, in which the relative distribution of the X)Y investigate the chiral configurational properties of a series of

substituents leads to pairs of chiral centers i (meso) or cyclophosphazene compounds, partly because of their ease of

RR/SS (homotopic) relationships], have been described and formation and characterization, and partly because there are

characterized structurally. multiple chiral centers giving rise to diastereoisomers. The
[To avoid confusion between the use of the symbols R and reactions summarized in Scheme 1 show the formation of a

S to designate configuration (plus the need later to designate aseries of compoundé!5via the monosubstituted intermediates

second set of configurations as &d 3) and the use of Rto  4a—h, viz. (i) intramolecular condensation to form the ansa-

designate a general aliphatic substituent (plus the need togngg compoundSa—h, (ii) intermolecular condensation with

designate different aliphatic groups asaRd R'), in this work more1 to form the singly bridged bino-compoun@a—h, (iii)

chiral configurations are designated in italicsfiand S and further reaction oba—h with diamine to form the intermediate

so too the configurational descriptionts andtrans] compounds7a—h, and then (iv) intramolecular condensation

Exalrlnples hOf ﬁOthf types | T‘”d I ha\I/e b?e((en ex;mgined of 7a—h to form the doubly bridged bis-bino compourgis—
crystallographically, for example geminalsRCly(NMey)s, h.14.15[A spiro- g i

. piro-ansa compoun@b has also been isolated, but
transN3PsCla(NMe),, 1% and trans-NaPs(NH2)2(OPI")4.1t Ad- only for the reaction ofl. with 1,3-diaminopropane2b].14

ditional complications can occur when a chiral molecule, which .
may be synthesized as a racemate, crystallizes through spon- At each of the four stages (denotedlV) of the reaction, a
taneous resolution as a chiral crystal. An example of the latter >~ P(OR)CI group reacts with amineéRH. to form a>P(OR)-

type from our own work is 2,2-(13-propane-dioxy)rans-4,6- (NHR') derivative as show_n in Scheme _1; concomitantly, at each
dichloro-4,6-bis(pyrollidinyl)cyclotriphosphazatriefewhich stage of the reaction HCI is formed which combines with a free
crystallizes in space group2;:2:2;. In each of these examples, ~amino group of the diamine to form the amine hydrochloride.
chirality was not discussed, and even the implications of chirality Hence, formation of the bino compouieds favored at a 1:1
do not seem to have been considered. In one other case, afiatio of compoundl and diamine, and formation of the bis-
optically active trimer derivative has been reporiéthut this bino compound is favored at a 1:2 ratio of the reactafts.
was based on cyclization of an optically active acyclic precursor. Although each of these products was characterized by elemental
Recent studies of singly bridged derivatives containing two analysis, MS, and'P NMR, no explanation was provided for
cyclophosphazene rings resulted in the unexpected observatiorone unusual feature of tHéP NMR spectra of lower members
by high-field NMR spectroscopy of two sets of signals with of the series of bino-compound@a—d (n = 2—6), viz. the
small chemical shift differencé$;this paper deals with the proton-decoupled®P NMR spectra were observed as the
explanation of these two sets of signals in terms of the presenceexpected AMX spin-coupling patterns but, unexpectedly, each
of chiral configurat.ional. isomers and the implications for phosphorus signal was observed as a pair of signals in a 1:1
phosphazene chemistry in general. ratio with a small chemical shift separatiod ~0.02—0.05

The reactions of the cyclotriphosphazatriene-macrocyclic ppm14 On the other hand, thd!P NMR spectra of higher
compoundl with aliphatic diaminea—h (n = 2-6, 8, 10, members of the series of bino-compourits-h (n = 8, 10,

(10) Ahmed, F. R ; Fortier, Scta Crystallogr.198Q B36, 1456-1460. 12) were observed as the expected single AMX spin systems.
(11) Fincham, J. K_; Hursthouse, M. B.; Parkes, H. G.; Shaw (iee®p Similar NMR behavior has been observed previously for two
L. S.; Shaw, R. AJ. Chem. Soc., Dalton Tran$988 1169-1178. analogous series of singly bridged cyclotriphosphazatriene-
(12) Alkubaisi, A. H.; Hursthouse, M. B.; Shaw (ne€Zga), L. S.; Shaw, . L . S

R. A. Acta Crystallogr Sect. BL988 44, 16—22. diamine derivatives (denoted as33and 44 series witth = 6,
(13) Schmulbach, C. D.; Dereian, C.; Zeck, C.; Sahurinsrg. Chem.

1971 10, 195-196. (15) Brandt, K.; Porwolik-Czomperlik, I.; Siwy, M.; Kupka, T.; Shaw,

(14) Brandt, K.; Porwolik, I.; Siwy, M.; Kupka, T.; Shaw, R. A.; Davies, = R. A,; Davies, D. B.; Hursthouse, M.; Sykara, &.Am. Chem S0d.997,
D. B.; Hursthouse, M.; Sykara, G. Org. Chem1999 64, 7299-7304. 119 1143-1144.
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7, 8, 9) by Labarre et al8 who suggested that the doubling-up
of 31P NMR signals is caused by different folded conformations
of the molecules resulting from intramolecular N#€I hydrogen-
bonding. The latter explanation is found to be incorrect, and it
is shown, in this work, that the doubling-up®8P NMR signals

for the bino-series of compoun@a—d** (plus other phenomena,
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amine, piperazine. The series of reactiond @fith piperazine
summarized in Scheme 2 is similar to those with primary
diamines in Scheme 1, except that the reactions with piperazine
do not lead to formation of compounds analogous either to the
ansa-ansa seriesba—h) or to the spire-ansa compoun@b.

Formation of the Bino(piperazine) Phosphazene-

see below) and for the series of bridged cyclophosphazenemacrocyclic Compound, 6i.A bino-compoundsi was readily

compounds observed by Labarre etléican be explained in
terms of the chiral configurational properties of the cyclophos-

formed by the reaction af with piperazine2i in a 1:1 ratio at
room temperature as summarized in Scheme 2. It has been

phazene compounds. This explanation, in turn, has generalshown previously that the structures of cyclophosphazene deriva-

significance for understanding the chiral configurational proper-
ties of cyclophosphazene compounds.

Results

Reactions of Compound 1 with the Di-secondary Amine,
Piperazine, 2i (Scheme 2)An attempt was made to investigate
the origin of the doubling-up of th&P NMR signals of singly

bridged cyclophosphazene compounds using the series of

cyclophosphazene-macrocyclic compoufidsc, because they
contain P-Cl and P-NH groups and might be capable of

tives (such as the macrocyclic compourids, 6, 8) can be
determined by a combination of proton-coupled and proton-
decoupled®P NMR spectroscopd/17 3P NMR spectroscopy

of the reaction mixture ol and2i in tolueneds in Figure la
shows the presence of a small amount of the monosubstituted
intermediate4i (Stage | of reaction), a significant propor-
tion of the bino-compoun@i (Stage 1) and, because the reac-
tion had not yet gone to completion, some of the starting
material 1.

At the completion of the reactidi is formed in~90% yield,

forming hydrogen-bonded conformations analogous to the seriesand signals for the starting compouficand the intermediate

of compounds investigated by Labarre et®However, it is
found that the diamino-bridged bino compounéa—c are
unstable in solution at higher temperatures and so are unsuitabl
to study the possibility of hydrogen-bonded conformations. It
is also found that the solid form of compouné@s—c are
unstable in air/moisture and the crystals are, in the main,
unsuitable for X-ray crystallography. It is likely that the
instability results from having both reactive-El| and P-NH
groups in a cyclophosphazene containing a macrocyclic ring,
and that the stability might be increased if the bridge could be
formed with a di-secondary amine. Hydogen bonds are also

compound4i are not observedéi is obtained in high yield
because no side reactions to form the speasa compound
dcf. compounddb in Scheme 1) nor the ansansa compound
(cf. compounds5a—h in Scheme 1) were observed with
piperazine. ThéP NMR spectrum o6i in Figure 1a exhibits
two AMX spin systems in a 1:1 ratio similar to those found
previously for the bino series of compourtis—d with bridges
formed from primary diamine¥. There is also evidence for the
intermediate compoundi, which exhibits an AMX spin system
with similar chemical shifts and coupling constantstoThe
31P NMR chemical shifts ané)(P—P) spin coupling constants

precluded in cyclophosphazene-macrocyclic compounds bridgedof each of the compounds in the crude reaction mixture in
by a di-secondary amine. In this work it was found that both tolueneds are summarized in Table 1. The bino(piperazine)
the singly bridged and doubly bridged cyclophosphazene- compound6i was purified on a silica gel column by elution
macrocyclic derivatives could be formed with the di-secondary With acetone:isooctane (1:2), and crystals6offormed in a

(16) Perly, B.; Berthault, P.; Vivaud, L.; Guerch, G.; Labarre, J.-F.;
Sournies, FJ. Mol. Struct.1987, 162, 87—95.

(17) Labarre, M.-Ch.; Labarre, J.-B. Mol. Struct 1993 300, 593—
606.
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Table 1. %P NMR Data of Derivatives of the Reactions of Piperazine with the Phosphazene-macrocyclic Confjdaricheme 2

chemical shifts (ppm)

>PCh >P(OR)CI >P(OR)(NR) 2J(P—P), Hz
cpd 1 2 3 1,2 1,3 2,3 16, m)®

1 25.3 19.3 70.8 66.4 (2,2)
4 26.7, 20.9 15.4 78.3 62.7 55.5
6i 26.3 21.0, 15.4 79.8 60.3 55.7

26.2% 20.% 15.4 79.5 60.1 55.7
[7i] 26.2 20.9 15.3 79.8 60.0 56.0
(trans) 26.2 20.9 15.3 79.8 59.9 56.1
[7i](cis) ~25.5 ~16-18°
8i(my) 27.9 17.8 57.5 (3,3Y
8i(my) 27.1 17.2 55.5 (3,39

2160 MHz NMR measurements at ambient temperatures in toldgn@hemical shifts are referenced to triphenylphosphine as an internal
standard § = —4.5 ppm).bn,m correspond to other phosphorus atoms with geminal couplivgry complicated sets of overlapping ABX spin

systems not analyzed Coupling constant not observed i spin system.

>PCl2 >P(OR)CI >P(OR)(NR'R")
8i(2xt) 8i(2xd)
mp
my m my

6i

W . J »J
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Figure 1. 3P NMR spectrum (160 MHz proton-decoupled) of the
room-temperature reaction of the phosphazene-macrocyclic compound
1 with piperazine2i, in tolueneeds solution. (a) Addition of2i to 1 in
~1:1 ratio shows formation of the singly bridged compo@i¢corres- Figure 2. X-ray crystallographic structures of the two forms (needles
ponding to meso and racemic forms), some unreaktesid evidence and plates) of the singly bridged bino compou8idin which each of
for the intermediateti. (b) Addition of 2i to 6i in ~1:1 ratio shows the macrocyclic rings hasteansconfiguration with respect to the plane
formation of the bis-bino compourtl (consisting of two sets of /X of the cyclophosphazene rings. (a) The needlelike crystals result from
spin systems, labelednand m) in the presence of unreacté the meso form of the bino(pip) compousi in which the phosphorus
number of collected fractions on standing for 48 h. Two atoms bridged by the piperazine ring have opposite configurations

crystalline forms were obtained, one as plates and the other agR @149 (b) The platelike crystals resuit from the racemic form of

. . 6i, in which the phosphorus atoms bridged by the piperazine ring have
needles, which could be readily separated by hand. : b

. . . the same configuration®kRor S9.
X-ray Crystal Structure(s) of the Bino(piperazine) Com-

pounds, 6i. X-ray structure determination of the needlelike The blatelik s o6i also h .
crystals of6i shows in Figure 2a that the molecule contains e platelike crystals obi also have a centrosymmetric
two phosphazene-macrocyclic units bridged by a piperazine crystal' structure, but in this case, the. |nd|v!dual molecules
molecule. The complex sits on a center of inversion in the unit COMPrise two phosphazene-macrocyclic units of the same
atoms in the diamine bridge of both molecules in the unit cell having anRR and the other anSS configuration of the
haveRSconfigurations. The structure in Figure 2a shows that Phosphorus atoms of the bridge. A diagram of one of the
the phosphazene-macrocyclic units are in an antiparallel ar-molecules is shown in Figure 2b, from which the approximate
rangement, and each of the macrocyclic rings is inttaes C2 rotational symmetry relationship between the phosphazene
configuration with respect to the plane of the cyclophosphazenecomponents can be seen. The conformation adopted by the
ring. molecule in the solid state has a syn arrangement of the
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phosphazene-macrocyclic units; an anti conformation would be a)

accessible by rotation about either of the N(pip) bonds. @
Formation of the Bis-bino(piperazine) Phosphazene-

macrocyclic Compounds, 8i.To optimize formation of the bis- P -

bino compound8i, piperazine2i was added in a 1:1 mole ratio  ¢#% g

to previously prepared and purifi&i, and because the last step (’\

of the desired reactiory{— 8i) is intramolecularcondensation SN N

(Scheme 2), the reaction was performed at about 80 times the

dilution of the normal reaction conditions for intermolecular

substitution reactions in these systems. After the reaction mixture

was concentrated, téP NMR spectrum of the crude reaction

mixture in THFdg in Figure 1b showed about 30% of the b)

unreacted starting materi@il and two similar AX spin systems

for 8i in a 1:1 ratio. The signals di have slightly different .:_rg/k

chemical shift differences between thePChL and >P(OR)- 7 Y

(NR'R") signals (10.2 vs 9.8 ppm) and slightly different values

of the2J(P—P) spin-spin coupling constants (55.5 vs 57.5 Hz).

The different NMR characteristics were used to assign the two ~2--..

sets of signals and indicated that there might be two different ‘

bis-bino compoundsi. Silica gel column chromatography was

used to separate the unreacted starting comp@irficom 8i,

and the recoveredi products were partially separated by

differential solubility in toluene and finally purified by column

chromatography. The two bis-bino compounds were character- Figure 3. X-ray crystallogra}phic stfuct_ures of the tyvo forms (needles

ized by NMR and MS; in particular, th&® NMR of each and plates) of the doubly bridged bis-bino compo8dn which each

compound showed the characteristigXAspin systems with of the macrocyclic rings has eis configuration with respect to the

. . o . plane of the cyclophosphazene rings. (a) The platelike crystals result
small differences im\d andi)(P—P) values, as found in the crude from the meso form with a center of symmetry in which the phosphorus

reaction mixture (Table 1). The two bis-bino compounds wWere 4oms attached to one piperazine bridge have the same configuration

slowly crystallized from THF over a period of about 2 months; (RR or S§ and the two cyclophosphazene rings are in an anti

two crystal forms were found, one as needles and the other asarrangement. (b) The structure of bis-bino(needles) is a meso form with

plates. a plane of symmetry, in which the phosphorus atoms at the ends of the
X-ray Crystal Structure(s) of Bis-bino(piperazine) Com- piperazine bridge have opposite configurations (tR8and the two

pounds 8i. X-ray crystal structure analysis revealed that bis- Ccyclophosphazene rings are in a syn arrangement.

bino (plates) is the meso form with a crystallographic center of

symmetry and bis-bino (needles) is the meso form with a formation of the relatively stable singly bridged bino compounds

pseudoplane of symmetry. Diagrams of the two molecular 6i and the doubly bridged compoungis X-ray crystallographic

structures are shown in Figure 3. investigations show thadi exists as a mixture of meso and
The structure of bis-bino(plates) in Figure 3a shows that the racemic forms with the macrocyclic ringstirans-configurations
macrocyclic rings are in theis_conﬁguration’ the two Cyclo_ and 8i exists as a mixture of two different meso fOI’mS, each

phosphazene rings are in an anti arrangement with respect to%ith the macrocyclic rings imis-configurations. These results
the plane of the ring formed from the two piperazine bridges, €an be_ rationalized by consideration _of the conﬂguratu_)nal
and the phosphorus atoms attached to the piperazine bridgedroperties of each stageIV) of the reaction of the aminolysis
have theRR and SSconfigurations, resulting in a center of ©f compoundl, as summarized in Schemes 1 and 2, and have
symmetry for the molecule. The structure of bis-bino(needles) been confirmed in this work, together with the configurational
in Figure 3b is of low precision due to the poor quality of the ~Properties of the intermediate compourdsnd?7, by 3P NMR
crystal and diffraction data, probably reflecting the presence of SPectroscopy on addition of chiral shift reagent (CSRyor
severe disorder. Nevertheless, the data are good enough t&NMR CSR investigations of the chiral configurational properties
establish the structure and configuration of the compound, viz. of the compounds in this work, it is important to use a solution
the macrocyclic rings are in thas configuration, the phosphorus ~ Of @ mixture of products to provide sorfi#® NMR signals where
atoms attached to the piperazine bridges havé&ktBeonfigura- no effect is expected to compare with those where different
tions, and the cyclophosphazene rings are in a syn arrangemenghiral signals should be observed.

with respect to the plane of the ring formed from the two It is convenient to follow the reaction scheme in terms of
piperazine bridges resulting in a plane of symmetry for the the R and S configuration at each phosphorus atom of the

molecule. cyclophosphazene-macrocyclic ring. The absolute configurations
of the two chiral centers in the starting compouhaan be
Discussion designated aR andS, noting that, for each chiral P atom, the

Cahn-Ingold—Prelog(CIP}° priority order of groups is Ck
OR > N[PCl;] > N[P(OR)CI]. On aminolysis of compount
with HNR'R" the P-CI group in >P(OR)CI is replaced by
P-NR'R" to form >P(OR)(NRR"). There is a potential

X-ray crystallographic studies of the starting compound
have shown that the macrocyclic ring is in tleés-ansa
configuration with respect to the cyclophosphazene ¥ng.
Although each macrocyclic-ring phosphorus atom of compound
1 is chiral, the molecule is the meso form. In this work, (19) Rinaldi, P. LProg. Nucl. Magn. Reson. Spectro$682 16, 291—

aminolysis of compoundl with piperazine 2i results in 352 and references therein.

(20) Cahn, R. S.; Ingold, C. K.; Prelog, V. IUPAC Rules for the
(18) Brandt, K.; Kupka, T.; Drozd, J.; van de Grampel, J. C.; Meetsma, Nomenclature of Organic Chemistry, Section E, Stereochemiang Appl.

A.; Jekel, A. P.Inorg. Chim. Actal995 228 187—-192. Chem.1976 45, 10-30.
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Figure 4. Diagrammatic representation of the configurational properties
of Stages | and Il of the reaction of diamin@swith the phosphazene-
macrocyclic compound as summarized in Scheme 1. The configu-
rational notatiorR/S R/S R/S andR/S is described in the text

problem in denoting the absolute configuration of the phospho-
rus atoms in>P(OR)Z groups, because of the priority order in
the CIP series of substituent groups Z in this work (i.e.>Cl
OR > NR'R").20- In the present work this problem is avoided
by relating all configurations to th&S configuration of the
starting compoundl and denoting subsequent changes in
configuration by modifyingR and S asR/S (and R/S later) to
take account of the different substitution patterns-&f(OR)Z
groups.

To simplify subsequent representations of tieandtrans
configurations of the macrocyclic ring, the linkage positions of
the cis-ansa configuration of the P(O-macrocycle) groups in
the structure of the starting compourdare represented in
Figure 4 by OR in the 2D stick diagram of cyclotriphosphaza-
triene derivatives.

In addition, so that the orientations of the cyclotriphosphaza-
triene rings can be followed throughout the analysis RCh
groups have been represented?t®(X)(Y), that is, in this work
X =Y = CI. [note well: If X =Y, the >P(X)(Y) group is also
chiral, and this would lead to an even more complicated chiral
configurational analysis.]

In any 2D diagrammatic represention of a 3D structure, it is

necessary to define groups which are above and below the plane

similar to that for Fischer projections of carbon compounds. In
this work the phosphorus atoms (labeled 1 and 3 in Figure 4)
and the attached OR/CI groups are in-the-plane and>tRe
(X)(Y) group, with P-X and P-Y bonds attached by solid lines,
points forward out-of-the-plane. Following these rulesRand
Sconfigurations are denoted in Figure 4 for the two chir&l-
(OR)CI groups of the meso form of compoutd

viea et al.

Confirmation by 3P NMR Spectroscopy of the Chiral
Configurational Properties of the Reaction of Phosphazene-
Macrocyclic Compounds with Amines. The chiral configu-
rational properties of each stage of the reaction can be
understood, if it is assumed that the substitution reaction of each
>P(OR)CI group with HNRR" (which covers both primary and
secondary amines) proceeds with inversion of configuration, that
is,the Walden Inversio® It is convenient to investigate the
chiral configurational properties of the reactionlofith amines
in terms of the four stageslV) of the reaction as outlined in
Schemes 1 and 2, and using a primary diamin®&yRINH,, as
an example, in Figure 4.

Stage |. Reaction of amine HNR' with the >P(OR)CI
groups ofl to form >P(OR)(NRR") at either the 1 or 3
positions (Figure 4) gives the monosubstituted compotimd
which there is inversion of configuration at the reaction center
and the macrocyclic ring, represented by the(OR) groups,
exists in arans-configuration. The two macrocyclic-phosphorus
atoms now have different substituertd? (OR)Cl and> P(OR)-
(NR'R"), which are expected to exhibit different optical
activities. The chirality of the P atoms for the®(OR)(NRR"")
group is denoted by or S (underlined) compared tR or S
(normal type) for the originab P(OR)CI group. Reactions are
equally likely at either- P(OR)CI group ofl, which has arRS
configuration, to give optically active produd®RandSS in
which the inverted optically active phosphorus atom is denoted
by underlining, that isR or S. By only allowing rotation of
structures in the plane (as with Fischer projections of carbon
compounds) it is seen in Figure 4 that the two structures of the
monosubstituted compourdcannot be superimposed and thus
are enantiomers; the mirror plane is shown by the broken line.

31P NMR Spectroscopy of the “Intermediate” Compound
4. The chiral configurational properties of the monosubstituted-
derivative4 (expected to exist as a racemate) were investigated
by the reaction ofl with amines for which no further reaction
is possible, viz. a monofunctional primary amine such as
n-propylamine,2j, as shown in Scheme 2, and a secondary
amine such as pyrrolidin@k. As an example, the reaction of
n-propylamine,2j, at a 2:1 ratio with the cyclophosphazene-
macrocyclic compound in benzene leads to formation of both
the monosubstituted compoudgl and the di-substituted com-
pound10j, which were separated by column chromatography
and characterized by MS arfdP NMR spectroscopy (to be
published). In the present example, the partially separated
fractions of compounddj and 10j were used for NMR CSR
experiments.

The 160 MHz proton-decouple®#P NMR of a ~50:50
mixture of compounddj and 10j is shown in Figure 5a. The
spectrum of the monosubstituted derivatéjeis observed as
an AMX spin system$P(OR)(NRR") 6 ~16.2 ppm,>P(OR)-

Cl 6 ~21.8 ppm and>PChL 6 ~26.0 ppm], and the spectrum
of the di-substituted derivativé0j is observed as anX-like
spin system$P(OR)(NRR") 6 ~17 ppm and>PChL 6 ~25.8
ppm]. The proton-couple# NMR spectrum in Figure 5b is
consistent with the assignment of signals in that no coupling is
observed on the PCL group, triplets are observed on thd>-
(OR)Cl signals due to vicinal POGHoupling, and broad lines
are observed for the P(OR)(NRR") signals due to vicinal
POCH, and two PNCH coupling paths. On gradual addition
of the chiral shift reagent, Eu(hfg)there are greater changes
in chemical shifts of thé'P NMR signals ofl0j compared with

4j, but eventually, as shown in Figure 5c, th® (OR)CI signal

of 4j separates into a pair of signals of equal intensity

(21) Walden, BBer. 1893 26, 210;1896 29, 133;1899 32, 1855.



Chiral Configurations of Cyclophosphazenes

>PCl2 >P(OR)CI >P(OR)(NHPr)
10§ 4j
x4
) 10j
4j 4 4
c) J
|III||Ill[llll||llI'I|ll|lIll!]ll’ll|H||lll[l||IlllIi]IlIIIIHI|IIHIIT|||
26 24 22 20 18 16 14 PPM
o iyl
— | N
4j
26 24 22 18 16 14 PPM

Figure 5. (a) %P NMR spectrum (160 MHz proton-decoupled ) in
CDCl; solution of compound}j, the monon-propylamine derivative
of 1, in the presence of the dipropylamine derivativel0j. (b) Proton-
coupled spectrum shows the larger PQ@Hupling to the>P(OR)CI
signal of 4j (£J ~30 Hz) with the macrocyclic ring in thérans
configuration, and the smallexJ coupling to the>P(OR)(NRR")
signal of 10j with the macrocyclic ring in theis-configuration. (c)
Addition of chiral shift reagent, Eu(hfg)separates the P(OR)CI signal
of 4j into two signals at a 1:1 ratio, corresponding RR and SS
configurational isomers of the racemic mixture.

corresponding to thRRandSSisomers, whereas no separation
of signals (only broadening due to complexation with the
paramagnetic CSR) is observed f@0j. This experiment
confirms the expected chiral configurational properties of Stage
| of the reaction.

Stage II. The chiral configurational properties for formation
of the bino-compound from the “intermediate’4 are shown
for Stage Il of the reaction in Figure &or corvenience the
chiral phosphorus atoms of the original cyclophosphazene
moiety (1) are labeled +3, and those for the second cyclo-
phosphazene moietyl’) are labeled 3. Similarly, the
unprimedR and S configurational designations of the original
molecule are primed for the second moie®,and S. Each

“intermediate” compound (SSandRR gives rise to two singly
bridged bino-compound8 by reaction with equal probability
at the 1 or 3 positions to give four structures denoted3S
S8, SSRR, RRSS andRRRR. By symmetry considerations
two of the structures W|tR Sconﬂguratlons of the bridge have
planes of symmetry and are the same meso- compoundSse.,
RR andRRSS), and it can be seen in Figure 4 that these two
structures are the same by rotating one molecul€ 18the-

J. Am. Chem. Soc., Vol. 122, No. 50, P2{EB

plane to give the other structure. The structures of the two other
isomers withR-RandS Shridges RRR'R andSSSS) cannot

be superimposed and exist as a racemate; the mirror plane
between the enantiomeric forms is shown in Figure 4. The
configurational analysis at this stage of the reaction is confirmed
in this work by X-ray crystallographic observation of the meso
and racemic forms of the bino(piperazine) compousid
summarized in Figure 2. On statistical grounds it is expected
that each isomer is formed with the same probability, and as
there are “two” meso forms and two enantiomers, there will be
equal amounts of the meso and racemate.

It should be noted that the single di-amine bridge is denoted
by a dot €) in the configurational designations of molecules in
Figure 4 and that, as it isnly a matter of coneniencewhich
phosphazene moiety in the bridged compound is designated by
primes (P atoms an®/S configurations), the configurational
properties of each pair of macrocyclic-P atoms can be inter-
changed across the diamine bridge, that is, taking the optically
activeSSSS isomer (or theRRR'R isomer) and interchanging
the pair ofSS with the SS conflguratlons gives the same
configuration of the molecule. Similarly, for the meso- -foB8
RR (or RRSS) interchanging the pairs oSS and RR
configurations across the diamine bridge gives the same meso
form.

31P NMR Spectrocopy of the Bino-derivative, 6i.The 31P
NMR spectrum of the bino(piperazine) compougids observed
in Figure 1a as two similar AMX spin systems which exist with
small chemical shift differences in a 1:1 ratio, similar to the
series of bino-compounds formed from diamines witk 6.1
As crystal structure determinations were performed on the bino
compoundbi, it is expected that the two sets of signals for the
singly bridged compound&correspond to the meso and racemic
forms, with different chemical shifts for the diastereoisomers.

The configurational properties of Stage Il of the reaction were
confirmed by addition of the chiral shift reagent, Eu(kfdp
the bino-compoundi in chloroform solution (in the presence
of a small proportion of one meso form of the bis-bino
compoundi) as shown in Figure 6. The proton-decouptéd
NMR spectrum in Figure 6a shows theX&like spin system
of 8i and the two sets of AMX spin systems @if Addition of
Eu(hfc)k causes some chemical shift changes and slight broad-
ening of the>P(OR)(NRR") signals as shown in Figure 6b,
whereas the- P(OR)CI and>PCl, signals are separated into
andr forms. The chiral shift behavior can be seen clearly on
the>PC} signal (expanded inset), which shows that the signals
of the racemate are in a 1:1 ratio and half the intensity of the
meso signals, confirming the predicted configurational properties
of Stage Il of the reaction.

It should be noted that for compouldthe mesom, signals
for >P(OR)CI and >P(OR)(NRR") groups are to higher
frequency than those for the racematehut vice versa for the
>PCl signal. [The relative assignment of signals of thend
r forms of6b has also been confirmed B{? NMR spectroscopy
of the chromatographic fractions corresponding to the partial
separation of these isomers as shown in Fig.S1 and by addition
of chiral shift reagent, Eu(hfe)

Stage lll. Reaction at one of the two remainirg?(OR)CI
groups of the bino compour&with an amino group of a second
diamine molecule forms a monosubstituted bino compotind
as an intermediate in the reactions shown in Schemes 1 and 2.
The chiral configurational properties of the reaction are sum-
marized in Figure 7.

It can be seen that for the meso form of the bino compound
6 in Figure 4 the separate-#OR) and P-ClI groups at the ends
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Figure 6. (a)3'P NMR spectrum (200 MHz proton-decoupled) of the
bino compoundbi in chloroform4d solution in the presence of a small
amount of the syn meso form of the phosphazene-macrocyclic
compoundsi. (b) Addition of Eu(hfc) separates th&P NMR signals
of 6i into one set of doublet of doublets corresponding to the meso
form (labeled m) and two sets of doublet of doublets at a 1:1 ratio,
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3'-position to give thesSSR' isomer. These two configurational
isomers are the same, because pairs of chiral configurations can
be interchanged across the diamine bridge. A similar situation
is found for amination of the optically actiMeRRR isomer

of compounds, as shown in Figure 7b. The two configurational
isomers are enantiomers, and as each of the configurational
isomers of the bino compour@reacts with equal probability,

it is expected that aminolysis of the active form of compound

6 leads to a racemic mixture (designateyl af compound?.

The two sets of optical isomers of compourdn Figure 7a

and b are diastereoisomers. Again, as each amination reaction
is expected to occur with equal probability, the chiral configu-
rational properties of compouritiare predicted to exist as two
sets of racemates;(end p) in a 1:1 ratio.

The chiral configurational properties of Stage Ill of the
reaction were confirmed by formation of a stable “intermediate”
type of compound’, which could not react further and which
would provide a relatively simplé!P NMR spectrum for
analysis. This was achieved by a reversed-order formation of a
B-O-naphthoyl derivative of the bino-piperazine compousid
whose*P NMR spectrum consisted of 2 pairs of AMX signals
in a 1:1 ratio corresponding to two racemic mixtures, as
confirmed by addition of the chiral shift reagent, Eu(hftp
be published).

Stage IV. The chiral configurational analysis for Stage IV of
the reaction in Figure 7 indicates that intramolecular condensa-
tion of the “intermediates’? leads to two different bis-bino
compounds8, each being a meso-form, but with different
configurations of the phosphorus atoms of the bridging group.
The prediction of two meso forms of the doubly bridged
compound has been confirmed by the X-ray crystal structures
of 8i in this work.

In terms of the mechanism of the reaction, it is shown in
Figure 7a that monosubstitution of the meso form of the bino

corresponding to the racemate (r). The fact that the signals of compoundcompound6 by diamine (Stage Ill) gives a racemic mixture
8i remain the same on addition of the chiral shift reagent is consistent (labeled §) for compound?, and then an intramolecular reaction

with compound8i being a meso form.

with the remaining free amino group @fto form the second
RSbridge of the bis-bino compoun@ (Stage 1V). This bis-

of the molecule are conveniently aligned so that aminolysis can bino form (labeled ry) is meso by virtue of a plane of symmetry,

take place with the diamine to form a seconB(OR)(NRR")
group in the molecule, compourtd Reaction takes place with
inversion of configuration and the resulting configurations are
designated in bold-faced type RsandS to differentiate them
from the configurationsR and$) of the first diamine bridge as
shown in Figure 7a. For example, tiSRR meso form of
the singly bridged bino compourtiireacts with amine at the
vacant 3-position of the first cyclophosphazene ring to give the
R:-RR form or at the vacant 'dposition of the second
cyclophosphazene ring to give t&SSR isomer, as shown in

and corresponds to the X-ray crystal structure of bis-bino(pip)
in Figure 3b, having the cyclophosphazene rings in a syn
arrangement with respect to the bridging groups, as shown by
the >P(X)(Y) groups of both cyclotriphosphazatriene rings
projecting (up) out-of the-plane. Similarly, it is shown in Figure
7b that monosubstitution of the racemic forRR/SSridges)

of compound6 gives a racemic mixture (labeled)rfor
compound/ and then a second meso form (labeleg) of the
bis-bino compound8, corresponding to the X-ray crystal
structure in Figure 3b with botliRR and SS bridges. This

Figure 7a. The two isomers are enantiomers, and as each of thenolecule has a center of symmetry in which the cyclophosp-

configurational isomers of the bino compou6deacts with
equal probability, it is expected that the meso form of compound
6 leads to a racemic mixture (designatey r

It can be seen for the optically active forms of the bino
compound6 in Figure 4 that the separate-PFOR) and P-ClI

hazene rings are in an anti arrangement with respect to the
bridging groups, as shown by the structure in Figure 7b where
the>P(X)(Y) group of one cyclotriphosphazatriene ring projects

(up) out-of-the-plane and the other projects below-the-plane.

It should be noted that, by labeling the centrd?CkL group

groups at the ends of the molecule can only be aligned for as>P(X)(Y) for the cyclophosphazene-macrocyclic compounds
aminolysis to take place, if one cyclophosphazene moiety is in Figures 4 and 7, it can be seen that the initislconfiguration

rotated out-of-the-plane by 180as shown by the curly arrow).
In this case, the>P(X)(Y) group of the rotated cyclophosp-

of the starting compound, where the OR groups are on the
same side of the cyclophosphazene ring as the Y group (Figure

hazene moiety is now below-the-plane, which is represented in4), undergoes double inversion of configuration in the formation

Figure 7b by broken lines for-PX and P-Y bonds. Hence,
the optically activesSSS isomer of compouné in Figure 7b
reacts with amine at the vacant 3-position of the first cyclo-
phosphazene ring to give ti#R-SS isomer or at the vacant

of the doubly bridged compounds in which the macrocyclic
rings of compound8 regain thecis-configuration, but now the

OR groups are on the same side of the cyclophosphazene ring
as the X group (Figure 7).



Chiral Configurations of Cyclophosphazenes J. Am. Chem. Soc., Vol. 122, No. 50, PDt&b

STAGE Il STAGE IV

RO A OR

(a) From meso-form of bino compound
Meso {syn)

N.B.[3.1]and [1.3]

. bridges
X
\ SR:SR'

RR-S'S'
IR RO RO NH—R'—N OR
[3.11
3 1
X X Y Y X
or RBASRV , s
el NH—R—NH OR RO NH=—R'—NH OR
(SSR'R')

SR:S'R

(Parallet NyP, rings,

Ct OR H,NR'HN OR plane of symmetry)
Bino (meso forms x 2) Mono-substituted Bino Bis-bino
Racemate (r,) Meso (m,)

(b) From active forms of bino compound

[1.17] bridge Meso (anti)
Rl
§5'§5 Cl NHR'NH, RO s1 1
R an
active 3 bndges
X Y SR:S'R'
5
NH—=R"—N
RO

3
Y yeeges

RB.R'R' RO NH-—R"=N

Ny
BN N
v
-

3 NH—R'—NH
active 3 o
ol e - - SR:S'R
1 ) 1
Ci OR RO NHR'NH, RO Cl
[3.3"] bridge NH R
3 .
Y Yooio-
X XY groups above the plane RRS.I{« (Ant-paraliel NP, rings
X---Y XY groups below the plane - = I OR H,NR'HN OR centre of symmetry)
Bino (2 x active forms) Mono-substituted Bino Bis-bino
Racemate (r,) Meso (m,)
Compound 6 Compound 7 Compound 8

Figure 7. Diagrammatic representation of the configurational properties of Stages Ill and 1V of the reaction of di&nm#sthe phosphazene-
macrocyclic compoun® summarized in Schemes 1 and 2. (a) Aminolysis of the mBS form of the bino compouné first gives rise to the
monosubstituted bino compouiidas a racemate, labeleg) and then intramolecular condensation to form the syn meso form of bis-bino compound
8 (labeled m). (b) Aminolysis of the racemicRRor S form of the bino compoun@ gives rise to the monosubstituted bino compoin@s a
different racemate, labeled)rand then intramolecular condensation to form the anti meso form of bis-bino comgamg).

31P NMR Spectroscopy of the Bis-bino Compound 8The which is analogous to the bis-bino compou@dn that the
chiral configurational analysis for Stage IV of the reaction is phosphazene-macrocyclic rings are di-substituted with amine
supported in this work by the observation of two sets gKA and are expected to have their macrocyclic ringscis
signals (Figure 1b) for the two meso forms of the doubly bridged configurations, that is, the compounds are optically inactive
bis-bino(piperazine) compounéi. Under conditions where  (meso-form) and exhibit one set & NMR signals. These
chiral shift effects are observed on signalso{in Figure 6b) predictions were confirmed for the dipropylamine compound
there is no chiral effect on signals of tBecompound, which 10j. Addition of the chiral shift reagent, Eu(hfc}o the mixture
is consistent witlBi existing as a meso form and is consistent of 4j and10j under conditions where the fo&# NMR lines
with the predicted configurational properties of Stage IV of the of the >P(OR)CI signal forj resolved into two sets of signals

reaction. for the enantiomers in Figure 5c, showed only one set®f
It should be noted that in the reaction of the phosphazene-NMR signals for compoundlOj, as expected for a meso
macrocyclic compoundl with n-propylamine 2j, a small compound.

proportion of the dir-propylamine compoundlOj was formed, In summary, X-ray crystallographic studies have provided
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definitive proof of the existence of chiral configurational isomers

viea et al.

the sum of vicinal P-O—CH, coupling constants for P(OR)-

of compounds at key stages of the reaction sequence andCl groups is2J ~ 30 Hz, whereas for compounds with

definitive proof of the configuration of the macrocyclic ring,
viz. the starting materiall is the meso-form with acis-
configuration of the macrocyclic rint,the bino-compound

authenticatedis-configurations of the cyclophosphazene-mac-
rocyclic ring (e.g., the bis-bino compourdi) that the sum of
vicinal P—O—CHj, coupling constants for P(OR)CI groups is

has both meso and racemic forms with each macrocyclic ring much smallerzJ = 10—15 Hz; the latter magnitude is difficult

in the trans-configuration, and the bis-bino compou8exists to determine due to multiple coupling paths in compounds such
in two meso-forms with the two macrocyclic rings having as5 or 8 but has been confirmed to kB ~ 15 Hz for
reverted to theis-configuration. The number and spin-type of compounds having nonsymmetrically substituted macrocyclic
3P NMR signals observed for each of these compounds is rings in thecis configuration, [e.g., pernaphthoylated derivatives
consistent with the configurational analysis and addition of chiral of compoundsa,b, containing>P(OR)(NHR) and >P(OR)-
shift reagent confirms the number of racemates and meso(OAr) groups, to be published]. Hence, it is found in practice
compounds. In addition, the behavior of the compounds acting that the proton-couple@P NMR signals of>P(OR)(NHR)

as models of the reaction intermediatdsand 7, when groups are significantly narrower for compounds witls-
investigated by!P NMR and chiral shift reagent, also confirms configurations (e.g..1, 5 and 8i), compared to those with
the chiral configurations of each of the intermediate stages of authentidrans-configurations of the macrocyclic rings such as
the reaction. To our knowledge this is the first time that the compound6i. An example is shown in Figure 5b where the
existence of chiral configurational isomers has been elucidated proton coupling on the: P(OR)CI group of the monosubstituted

systematically in the field of cyclo-phosphazene chemistry.
The configurational analysis can be applied to any appropriate
derivatives of cyclotriphosphazatrienes, that is, di-, tri-, tetra-

compound4j is observed as a clear triplet withl ~ 30
reflecting the macrocyclic ring in thérans-configuration,
whereas the proton coupling on tké®?(OR)(NHPr) signal of

substituted compounds represented by structures | and Il in thethe din-propylamine derivativd0j is observed as a broad signal

Introduction. It has been found that the chiral configurational

resulting from the macrocyclic ring in trets configuration and

properties of cyclotriphosphazatriene derivatives are often easiermultiple coupling paths.

to appreciate, in practice, by representing the cyclotriphosp-
hazatriene ring by a cyclopropane-type structure with groups
above and below the plane of the ring. Similarly, it is found

that a cyclobutane-type structure is useful for visualizing the

configurational properties of cyclotetraphosphazatetraene deriva-

tives.

Confirmation of the cis- and trans-Configurations of
Cyclophosphazene-macrocyclic Rings by'P NMR Spec-
troscopy. The configurational analysis of the reactions sum-
marized in Figures 4 and 7 is based on inversion of configuration
for each substitution of a-PCl group by amine as summarized
in Stages +1V of the aminolysis of compound. Although the
structures of some of the compounds (i.&.,6i, and 8i) in
Schemes 1 and 2 have been confirmed by X-ray crystallography,
it is not feasible to check the configuration of each new
compound in the series by this technique, and it would be helpful
to use a routine NMR method to distinguish betweest and
trans-configurations of the macrocyclic rings.

Proton-coupled’P NMR signals of phosphazene rings are
used to assist the assignment of sigaélgput it is also found,
in this work, that the magnitudes of the-B—CH,(macrocyclic
ring) coupling constants are diagnostic for tis- andtrans
configurations of the cyclophosphazene-macrocyclic ring sub-
stitution pattern. The proton-couplettP NMR signal of
>P(OR)CI groups are usually observed as “triplets” resulting
from P—O—CH, coupling. The “triplet” nature of the signal
depends on the symmetry properties of the molecule and on
the cis- or trans-configuration of the macrocyclic ring, that is,
whether the proton-decoupled spectrum is AMXpXA or
sometimes AAX, the latter giving rise to virtual coupling in
proton-coupled spectfg.It is found, in this work, for com-
pounds with authenticatettans-configurations of the cyclo-
phosphazene-macrocyclic ring (e.g., the bino compdinthat

(22) (a) Hewlett, C.; Shaw, R. Al. Chem. Socl966 56—59. (b) Finer,
E. G.; Harris, R. K.; Bond, M. R.; Keat, R.; Shaw, R. A.Mol. Spectrosc.
197Q 33, 72—83. (c) Alkubaisi, A. H.; Parkes, H. G.; Shaw, R. A.
Heterocyclesl989 28, 347—358.

(23) Pflugrath, J. W.; Messerschmidt, A. MADNES, version 11, Sep-
tember 1989; Delft Instruments: Delft, The Netherlands, 1989.

(24) (a) Sheldrick, G. M. SHELX-86: Program for crystal structure
solution; University of Gitingen: Germany, 1986. (b) Sheldrick, G. M.
SHELX-93, unpublished work; University of Gmgen: Germany, 1993.

Using the magnitude oEJ(P—O—CHy,) as the criterion of
cis- and trans-configurations of the macrocyclic rings, it is
confirmed that there is inversion of configuration at each
substitution step of the aminolysis of compoubhdas sum-
marized in the reaction Schemes 1 and 2; that is dise
configuration of the macrocyclic ring df is converted to the
trans-configuration for monosubstitution (as in “intermediate”
compounds4j,k) and back to thecis-configuration for di-
substitution (as in the ansansa compound§a—5h!* and
compoundl0j). When two phosphazene-macrocyclic rings are
involved, the configuration of the two macrocyclic rings are
trans—trans when both are monosubstituted as in the bino-
compoundst, cis—trans for the “intermediate” compound,
andcis—cis for the bis-bino compound8, when both macro-
cyclic rings are di-substituted. These NMR results provide
further confirmation of the chiral configurational properties of
Stages +1V of the reaction in Schemes 1 and 2.

Rationalization of the Doubling-Up of 3P NMR Signals
in the Bino-series of Compounds, 63P NMR spectroscopy
(121 MHz) of each of the singly bridged bino-compouBds-h
(having unbranched primary diamine bridges N(€H,),—NH
with n = 2, 3, 4, 6, 8, 10, and 12) exhibited thré® signals
with AMX spin-coupling patterns; lower members of the series
(i.e.,6a—d, n= 2, 3, 4 and 6) exhibited a doubling-up of signals,
whereas the higher members of the series @esh, n = 8,
10, and 12) were observed as single sets of signals with AMX
spin-coupling patternk' As a result of the present study it is
now known that the doubling-up of signals in compowgids
due to the presence of chiral configurational isomers (meso and
racemic) and this behavior has been confirmed by addition of
CSR for the two lowest members of the bino-diamine series
6a,b. From the results summarized for the bino compoudids
in Table 2 it can be seen that the configurational nonequivalence
is different for different3?P NMR signals, and in general, the
effect decreases with an increasa,ithe number of Chigroups
linking the two cyclophosphazene rings. This observation can
be explained in terms of the expected decrease in the magnitude
of the effect of differences in configurations of the twd-
(OR)(NRR'") groups,RS/SRversusRR/SSon the3P NMR
signals of the cyclophosphazene rings, as the number of CH
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Table 2. Observed Nonequivalenca¢ ppm) of 31 NMR Signals ary amine, piperazine. First, the monosubstituted derivative
of Bridged Phosphazene-macrocyclic Compoéinds is formed as an intermediate, and then the singly bridged bino
compound n >PCh >P(OR)ClI  >P(OR)(NRR") compound(s)6, which has been isolated and characterized.

Stage Il 40 of meso and racemic isomets) Reaction of6 with pi.perazine., first forms the monosubstit_uted
6a 2 —0.028 0.072 0.024 compound?7 as an intermediate and then the doubly bridged
6b 3 c 0.050 0.077 bis-bino compound(sB, which have also been isolated and
6c 4 c 0.016 c characterized.

g? gip 8:8&2 0%%117 g 2. The chiral ponfigurational properties of th_e reactio_n scheme
have been elucidated by X-ray crystallographic analysis of stable
solvent >PCh >P(OR)(NRR") isolated forms of compoundisand8 and supported b$*P NMR
Stage IV A6 for two meso isomers) spectroscopic studies using chiral shift reagents. It is found that
8b 3 CDCk c 0.141 compound6 exists as a 50:50 mixture of meso and racemic
8i pip CDCl 0.146 0.151 forms and that compound exists as a 50:50 mixture of two
THF 0.794 0.569 meso forms, one with a center of symmetry and one with a

a|n those cases where the configurational isomers have been assigne@lane of symmetry. The chiral configurational properties of
unequivocally, theAd values are denoted in bold-face type, otherwise models of each of the intermediatégracemate) and (two

g;f"’f‘ggtnuci?%i%éépﬁ)oerrrgzsi?]‘é”bdlsztlol\;r:_fzargzggﬁfe‘r’ﬁé‘éfsorggzg’mcé‘l'ascr;m racemates) in the reaction were also confirmed®¥#y NMR
solution at 298 K. For compoundsa and 6i the meso and racemic Spectroscopy usmg.chlra! shift reagerlts. )
forms have been assigned unequivocally by addition of chiral shift 3. The chiral configurational analysis of the reaction scheme

reagent and th&d (= om — dr) values are denoted in bold face type.  js consistent with inversion of configuration at each step of the

¢ Nonequivalence too small to observe at 121 MHMEor 8i the two reaction of> P(OR)CI with HNRR'" to form >P(OR)(NRR")
meso forms have been assigned unequivocally from X-ray structure X

determinations. Th&P NMR signals of the meso formigwhich has | N€ originalcis-configuration of the macrocyclic ring ift is
a plane of symmetry and P-bridge-P wiS configurations) are to inverted totrans for monosubstituted derivatives, and then to

high frequency of those from the meso forma (which has a center of  anothercis-configuration (now on the opposite side of that of
symmetry ancRR/SSconfigurations of the P-bridge-P moieties), i.e. 1) for di-substituted derivatives.

A = (0m1 — Om2) magnitudes are denoted in bold-faced type. . .
(Oma = Ome) Mg P 4. 1t is found that chiral cyclophosphazenes may be repre-

éented by 2D structural diagrams, if the Fischer rules for 2D
representations of tetrahedral carbon atoms are followed for
pentavalent phosphorus atoms in cyclotriphosphazatriene rings,
for example, structures may only be rotated in-the-plane.
However, it is necessary to define which 3D chiral structure is

t represented by the 2D diagram. For example, in using the 2D
stick diagram representation of the cyclotriphosphazatriene ring,
where all bonds have unbroken lines, it is recommended that
the phosphorus atom at the ends of the planar ring and the
associated attached groups are in-the-plane, whereas the phos-
phorus atom in the middle of the planar ring and the associated
attached groups are above-the-plane. In cases where it is
necessary to rotate the 2D structural diagram out-of-the-plane,
d it is found that the chiral configurational properties are faithfully
represented by the 2D diagram, if groups now below-the-plane
are denoted by dotted lines.

groups increases and, concomitantly, an increase in the distanc
apart of the centers of configuration.

A similar explanation is able to rationalize tRéP NMR
effects observed previously by Labarre etéfor the 313 and
4n4 series of molecules. 202 MH2?P NMR signals were also
observed as pairs of signals in a 50:50 ratio for the lowes
member (i.e.n = 6) of each series (witim = 3 or 4) and then
observed on various signals for higher members of each series
but not at all for the 393n(= 9) compound? analogous to the
behavior observed for the bino-series of compounds in this work.
The bridged 83 and 44 compounds have cyclotriphosphaza-
triene rings linked by diamines. The bridging phosphorus atoms
are chiral and thus exist in eithBror Sconfigurations for each
cyclophosphazene ring. The two chiral centers of the bridge
compounds lead tBR SS RS andSRconfigurations in which
RSandSRare the same compound (meso) &RandSSare
enantiomers, existing as a racemic mixture. Hence, configura- )
tional analysis rather than conformational analysis explains the _ Acknowledgment. This work has been supported by the

31p NMR spectra of 83- and 44-bridged compounds as a pair European Commission (grant CIPA-CT93-0019), and the Polish
of signals in a 50:50 ratio and the fact that differences in Committeee on Scientific Research (Grants 3 TO9A 001 13 and

chemical shift nonequivalence are found for the different 886/T09/96/11), and two of us (K.B., D.B.D.) thank the Royal

compounds observed previously by Labarre 6 dlhe trends Society, and Briti_sh CounciI/KBN fpr travel grants. The authors
in configurational nonequivalence of3- and 44-bridged ~ &re grateful to Nippon Fine Chemicals Co. Ltd. for a generous
compounds are similar to those observed for the bino compoundsdift of hexachlorocyclotriphosphazatriene.

6 in this work, that is, the magnitude of the effect decreases

with an increase im, resulting from an increase in the distance ~ Supporting Information Available: Experimental details

apart of the centers of configuration. (Materials and Methods, X-ray Crystallography, and Synthesis);
Tables of crystal data and structure refinement, anisotropic
Conclusions displacement parameters, bond lengths and angles, selected

torsion angles, and least-squares planes for compdgiratsd

8i; Tables of observed and calculated structure factors for
compound®i and8i; Figure S1 (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.

1. In this work the chiral configurational properties of
derivatives of cyclo-triphosphazatriene rings with two (on@N
unit) or four (two NP3 units) chiral centers have been elucidated
by investigation of the amination reaction of the cyclo-
triphosphazatriene-macrocyclic compounaith the di-second- JA0028469



