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Nongeminally substituted cyclic phosphazenes with various haloalkyl substituents were prepared using deprotonation—
substitution reactions at the methyl groups of the cis isomers of nongeminally substituted cis-[Me(Ph)P=N]s, 2.
Treatment of 2 with n-BuLi followed by reaction with organic halogenated reagents (RX = C,Cls, BrC(O)CMe.Br,
and ICH,COOEt) at low temperature afforded the various cyclic derivatives cis-[(XCH,)(Ph)PN]s (3, X = Cl, 4, B,
and 5, ). The mono- and dibromoalkyl derivatives, cis-[Phs(BrCH,)Me2P3Ns], 6, and [Phs(BrCH,),MePsNs], 7, were
also isolated along with 4 when the electrophile was dibromoethane. Reaction of cis-[Ph(BrCH,)PN]s, 4, with KSC-
(O)Me gave cis-[Ph(MeC(O)SCH,)PN]s, 8. The structures of all the cis cyclic phosphazenes were determined by
NMR spectroscopy and X-ray diffraction. All retained the basketlike shape with the hydrophobic phenyl groups
opposite the haloalkyl groups on the P3Ns ring. Thermal analysis of the new cyclic trimers indicates that ring-
opening polymerization does not occur. The melting points and the thermal stabilities of haloalkyl cyclophosphazenes
were higher than those of the parent compound 2.

Introduction Ph
o CF3CH,0H

Phosphazenes, [RRN],, are either cyclic or polymeric IV'e3s'N=F|,_OPh
compounds based on alternating phosphorus and nitrogen Me
atoms in rings or chains. The types of substituents at Ph, CHs Ph, CHs
phosphorus are widely varied and account for a diverse range N/P%N N/KN
of properties for both the cyclic and polymeric systéms. Ph.ll | P + PRl [ Ph H
Recently, we reported the preparation, isolafi@md reac- /N SONN
tivities®4 of the cis and the trans isomers of the nongeminally HaC rans CHs  HC cis Chs
substituted methylphenylphosphazene, [Me(Ph}Phhich 1 2

were prepared by treatment of the phosphoraniming-Me
SiN=P(OPh)(Me)(Ph) with C§cH,OH (eq 1). Thermolysis
of 1 and 2 resulted in equilibrium mixtures of the trimer
and all four isomers of the corresponding tetramer, [Me-
(Ph)PN},.2 The cis structur® and the cone structure of the
tetramer [Me(Ph)PNJ® with all phenyl groups on the same

side of the PN rings, have been compared to the basket-
shaped calixareng®r cyclodextring. Given the extensive
chemistry of these two classes of organic molecules and their
applications as biological and chemical sensors, catalysts,
and nanomaterials, this analogy implies that simple derivative
chemistry of the nongeminally substituted methylphenyl
cyclophosphazenes will provide access to new basketlike
inorganic molecules with interesting properties.

* Author to whom correspondence should be addressed. E-mail:
pwisian@mail.smu.edu.
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Nongeminally Substituted Cyclic Phosphazenes

analogues, [Me(Ph)PR}]1 and2. Now that these are readily
available, we have shown that the P-methyl group in doth

and to enhance complete deprotonation, the composition of
the mixture did not change. Small amounts of the dibromi-

and 2 can be deprotonated, then treated with Mel to give nated produc? were also found in the reaction with BrC-

trans- and cis-[Et(Ph)PN},* respectively, without signifi-
cantly changing the geometry around th@lfring. On the

(O)CMeBr. Attempts to brominate and chlorinate with either
elemental bromine or chloroethyl acetate were unsuccessful

basis of these results, the controlled stereochemistry of thealthough similar reactions have been reported on the methyl
isomers, and the potential utility of these basket-shapedgroups of N-silylphosphoraniminés.
molecules, we are exploring the feasibility of using the

relatively planar PN ring system as a platform for synthesiz- Ph  CH3

ing more complex molecules that might act as receptors, self-_ (1) 3.5 n-BuLi PLN .

assembling systems, bioactive molecules, and various types  (2) 3.5 BrCH,CH,Br Ph_ll | _Ph

of sensors. We report here the synthesis of a new series of N

nongeminal haloalkyl-substituted cyclophosphazene trimers H3C CHgBr

via deprotonatiofrsubstitution reactions afis-[Me(Ph)PN}. 6

The reactions with nucleophiles, thermal stability, and solid- Ph  CHEBr Ph  CHBr

state structures are also presented. N/K Px

Results and Discussion Ph\_.lll’\ dl’._’ o Ph\__lil’\ 4||?_/ o @)
HsC CHoBr BrHoC CHoBr

The deprotonation of the methyl groups in [Me(Ph)PN]
and subsequent reaction with the simple electrophile Mel
gave the anticipated ethyl derivativeshus providing All of the new compounds are air-stable, very soluble in
precedence for similar reactions involving other electrophiles. polar solvents such as GEl,, ethyl acetate, and THF, and
Although reactions of the deprotonated cyclic phosphazeneslightly soluble in hexanes and ether. Although column
with BrC(=0O)CMeBr or ICH,COOEt were considered chromatography was used to separate the bromo derivatives,
possible methods to obtain ketone or ester derivatives, thesehe chloro and iodo derivatives needed only short column/
actually facilitated a metalhalogen exchange to give the fritfiltration for purification. Crystals of each compound were
halogenated phosphazendsand5 (eq 2). Whenrcis-[Me- grown in ethyl acetate or dichloromethane.

(Ph)PNE, 2, was treated with 3.2 equiv ofi-BuLi in The H, 3P, and'*C{H} NMR spectra for3, 4, and5
tetrahydrofuran (THF) at-78 °C, a white slurry of the  were very simple as consistent with the symmetrical cis
lithium salt of the cyclophosphazene formed. Addition of geometry. Thé’P NMR spectra showed only one signal at
3.3 equiv of the halogenating reagents, EX (where EX  § 17.4, 16.5, and 17.4, respectively. These are upfield from
C.Cls, BrC(O)CMeBr, or ICH,COOEY), yielded the triha-  the simple alkyl compoundsis-[Et(Ph)P=N]z (6 24.5f and
logenated compounds 4, and5, cis-[Ph(XCH)P=N]s, in cis-[Me(Ph)P=N]; (6 19.6)? In the *H NMR spectra for3,
better than 70% vyield. 4, and5, the methylene proton chemical shifts are between
0 3.5 and 3.8, which is considerably downfield from the

4

Ph CHs Ph, CHpLi* P—C—H signals in the simple alkyl compound$because
P, P, of the electron-withdrawing effect of the electronegative
R Bul i X \
ph\ﬁl 'f'/ph M’ \ﬁ'/ 'f'/ph _EX, halogen atoms. The-FH coupling constants of ca—&/ Hz
N A P . are smaller than typical P(V) coupling constants of-12
HaC ) CHz Li"HC CHaLi Hz. Similar coupling constants have also been observed for
Ph  CHoX haloalkyl phosphoranimines, MSiNP(O_CI—JzCFg)(CHzBr)_-
e Me.” The only other notable feature in the spectra is the
o ] SN 3, X=Cl, EX=CyClg upfield signal atd 4.4 in the3C NMR spectrum for the
N LoPh 4 X=Br,EX=BrC(=0)CMeBr (2) methylene carbons in the iodo compouhdrhis correlates
SN 5, X=1, EX =ICH,COOEt . : ) . :
XHoC CHoX with the slightly upfield shift of the methylene protons in

theH NMR spectrum ob relative to the methylene protons
In earlier work, we found that sequentially treating the in compounds3 and 4. This is a typical trend for NMR
cis isomer2 with exactly 3 equiv oh-BuLi and Mel resulted spectra of halogenated compousds.
in formation of both di- and trisubstituted cyclic phospha- ~ The NMR spectra for the mono- and dibrominated
zenes! However, the formation of the disubstituted product compoundsg and 7, were somewhat more complex. The
was essentially eliminated in these cases by using a slight3P NMR spectrum clearly showed distinct signals for the
excess of botin-BuLi (ca. 3.2 equiv) and £le, BrC(O)CMe- two different types of phosphorus atoms@rat 6 14.8 and
Br or ICH,COOETt. Bromination was also facilitated by the 21.1 with a relative intensity of 1:2, whereas the spectrum
reaction of the phosphazene anion with dibromoethane, butof 7 also contained two signals at15.5 and 22.1 with a
in this case a mixture of the mono-, di-, and tribrominated

cyclic phosphazenes, 7, and4, in a 1:2:1 ratio, respectively,
was obtained (eq 3). Even when slightly mor8uLi (3.5

equiv) was used to compensate for possible traces of moisture

(7) Roy, A. K.; Wettermark, U. G.; Scheide, G. M.; Wisian-Neilson, P.;
Neilson, R. H.Phosphorus Sulfur Relat. Elerh987, 33, 147-153.

(8) Kalinowski, H.-O.; Berger, S.; Braun, Sarbon-13 NMR Spectroscopy
in Organic ChemistryPergamon Press: Oxford, U.K., 1969.
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Figure 1. Thermal ellipsoid plot of3, cis[Phg(CICH)3PsN3] (40%
probability ellipsoids for non-hydrogen atoms are shown).

Figure 3. Thermal ellipsoid plot of5, cis[Phs(ICH2)sPsN3] (40%
probability ellipsoids for non-hydrogen atoms are shown).
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Figure 2. Thermal ellipsoid plot ofi-CH,Cl,, cis-[Phg(BrCH,)3PsN3] (40% c3 BN ) A P2
probability ellipsoids for non-hydrogen atoms; lattice solvent not shown). ) N3 (" c1
relative intensity of 2:1. The signals &t21 and 22 are in
. . A C2
the same region as the phosphorus resonance in the parent ( =
cyclic phosphazen®, and clearly correspond to the unsub- Br1

stitutedPCH;z resonance. The signals at éal5 correspond ~ Figure 4. Thermal ellipsoid plot 08, cis-[Phs(BrCH)(CHa)2PsN3] (40%
to the phosphorus atoms attached to the derivatizegBEH  Propapility ellipsoids for non-hydrogen atoms).
groups and are in the same range as the single signal
observed for the fully brominated compouhdrhe3P NMR
signals for thePCH,Br phosphorus atoms increased slightly
across the mono-, di-, and tribromo series (bel4.8, 15.5,
and 16.5, respectively), reflecting the increased deshielding
effect of increased numbers of bromine atoms. In addition
to two different kinds of aromatic resonances, theNMR
spectrum for the monosubstituted derivat/eontained one
doublet for the CH protons at 1.89J = 14.2 Hz) and
one multiplet arising from the methylene groupdB.49
with an intensity ratio of 3:1, respectively. Similarly, tHe
NMR spectrum of7 also clearly showed a methyl doublet
(6 1.93,Jpn = 14.3 Hz) and a methylene multiple 8.59).
Finally, the proton decoupletfC NMR spectra fo6 and7
also contained doublets for both the methylefed( 33.0,
Jec = 93.9 Hz;7, 0, 31.7,Jec = 97.4 Hz) and the unsub-  gigyre 5. Thermal ellipsoid plot of, cis-[Phs(BrCH,):(CHs)PsN] (40%
stituted methyl groupss( 6 23.9,Jpc = 101.7 Hz;7, 6 24.0, probability ellipsoids for non-hydrogen atoms).
Jrc = 100.6 Hz). Strong absorptions for the=R stretching
frequency were observed in the IR spectra of each of the Table 1, and selected bond distances and angles are given
new compounds3—7, and all of the spectroscopic data are in Table 2. All of the compounds possess cis geometries with
consistent with the solid-state structures discussed below.three phenyl rings on one side of theNg ring and methyl

The crystal structures 8—7 were determined and are or haloalkyl groups on the other side. The molecules$ of
shown in Figures 5. The crystal data are presented in are connected by intermolecular hydrogen bonding between
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Table 1. Crystal Daté and Structure Refinement f&—8

compound 3 4-CH.Cl; 5 7 8

empirical formula Q]_H21C|3N3P3 C21H21BI'3N3P3' C21H21|3N3P3 C21H23BTN3P3 C21szBI'2N3P3 C27H30N303P353
1,CH,Cl,

formula weight 514.67 690.51 789.02 490.24 569.15 633.63

crystal system monoclinic monoclinic _triclinic monoclinic monoclinic _ triclinic

space group P2/c C2lc P1 P21c P21/c P1

a, 12.278(1) 16.4817(9) 8.9013(5) 8.867(1) 10.9206(6) 11.389(1)

b, A 9.287(1) 15.4102(9) 11.3382(7) 12.671(1) 12.6846(9) 11.623(1)

c, A 21.823(2) 20.9980(13) 14.5494(10) 20.352(2) 17.7519(16) 14.291(1)

o, deg 74.881(4) 101.409(4)

p, deg 104.413(6) 96.699(5) 73.207(5) 92.183(9) 105.310(7) 101.971(5)

y, deg 71.698(4) 118.379(4)

v, A3 2410.1(4) 5296.8(5) 1311.1(1) 2285.0(4) 2371.8(3) 1528.6(2)

z 4 8 2 4

peals (g cnTl) 1.418 1.731 1.999 1.425 1.594 1.377

u, mmt 0.594 4.867 3.773 2.021 3.633 0.433

extinction coefficient® 0.0015(5) 0.00037(9) 0.0091(6) 0.0012(9) 0.0015(4) 0.0221(19)

R1[l > 20(1)]® 0.038 0.057 0.032 0.074 0.050 0.035

wR2[all datap 0.100 0.138 0.086 0.186 0.113 0.099

a Graphite monochromatized ModKradiation,2 = 0.71073 APR1 = Y||Fo| — |Fell/3|Fol, WR2 = {J[W(F2 — FA/ 3 [W(FAF} Y2 wherew =
1[oA(F?) + (aP)2 + bP], P = [2F2 + Fi2 J/3.

Table 2. Selected Bond Lengths (A) and Angles (deg) 308

3 4 5 6 7 8

Bond Lengths
P(1)-N(1) 1.599(2) 1.586(5) 1.592(4) 1.602(6) 1.599(4) 1.5962(18)
P(1)}-N(2) 1.599(2) 1.591(6) 1.587(4) 1.591(6) 1.599(4) 1.5975(18)
P(2-N(2) 1.602(2) 1.604(6) 1.594(4) 1.590(6) 1.600(4) 1.6015(17)
P(2-N(3) 1.590(2) 1.580(5) 1.602(4) 1.601(6) 1.604(4) 1.5910(17)
P(3)-N(3) 1.585(2) 1.618(6) 1.605(4) 1.589(6) 1.598(4) 1.5968(17)
P(3)-N(1) 1.604(2) 1.589(6) 1.593(4) 1.598(6) 1.596(4) 1.5993(18)
P(1-C(1) 1.813(3) 1.807(7) 1.809(5) 1.828(7) 1.808(5) 1.799(2)
P(2-C(2) 1.815(3) 1.812(7) 1.805(5) 1.805(5) 1.792(5) 1.818(2)
P(3-C(3) 1.814(3) 1.795(7) 1.797(5) 1.808(5) 1.798(5) 1.814(2)
P(1}-C(11) 1.799(3) 1.801(7) 1.796(5) 1.809(7) 1.794(5) 1.799(2)
P(2-C(21) 1.794(13 1.800(7) 1.802(5) 1.801(5) 1.813(6) 1.800(2)
P(3)-C(31) 1.797(2) 1.799(8) 1.804(5) 1.805(5) 1.804(5) 1.797(2)
C(1)—X(1)c 1.785(3) 1.942(7) 2.124(5) 1.926(7) 1.927(5) 1.793(2)
C(2)-X(2) 1.771(3) 1.922(7) 2.136(4) 1.796(2)
C(3)—-X(3) 1.771(3) 1.939(7) 2.136(5) 1.939(5) 1.799(2)

Bond Angles
N(1)—P(1)-N(2) 118.1(1) 117.6(3) 118.4(2) 118.1(3) 117.4(2) 118.22(9)
N(2)—P(2)-N(3) 117.8(1) 117.9(3) 117.0(2) 117.6(3) 116.4(2) 117.81(9)
N(3)—P(3)-N(1) 117.5(1) 117.1(3) 117.6(2) 117.3(3) 118.1(2) 117.67(9)
P(1-N(1)—P(3) 121.5(1) 122.6(4) 121.7(2) 121.1(4) 121.5(3) 121.60(11)
P(2-N(2)—P(1) 121.1(1) 121.9(3) 122.2(2) 122.0(4) 119.8(3) 121.58(11)
P(3-N(3)—P(2) 122.1(1) 121.0(4) 121.3(2) 122.4(4) 120.6(3) 121.42(11)
C(1)-P(1)-C(11) 99.9(1) 102.0(3) 101.2(2) 101.5(3) 101.0(2) 100.61(10)
C(2)-P(2)-C(21) 104.6(3) 103.8(3) 105.1(2) 107.0(4) 104.2(3) 106.15(10)
C(3)—-P(3)-C(31) 104.3(1) 105.4(3) 105.5(2) 103.7(3) 105.3(3) 104.84(10)

a Average of 1.827(10) and 1.760(14)Average of 107.7(4) and 101.4(%)X = CI (3), Br (4, 6, 9,1 (5), S @).

a methylene hydrogen and a halogen atom, as shown infor the bromo analogué, where the torsion angles N(3)
Figure 6. The &-X distances are 3.746(8) A, and the P(1)-C(1)-Br(1), N(3-P(1)-C(2)-Br(2), and N(3)
apparent ©H—X angle is 155.1(2) The orientation of the  P(1)~C(3)—Br(3) are —2.9(5¢, —7.0(4f, and 147.4(3),
halogen atoms with respect to theNg plane is distinctly respectively.

different for each of the trisubsituted cyclic phosphazenes. All P—N bond distances (mean 1.597(7), 1.595(14), 1.596-
In each case, one halogen (X(1)) lies beneath the PN ring,(7), 1.595(6), and 1.599(3) A foB, 4, 5, 6, and 7,

but the location of the other two are significantly different respectively) are similar tais[Me(Ph)P=N]3? cis-[Et-

in each of the three structures. This is noted by the (Ph)P=N];* (Me,P=N);° and (PAP=N);!° and other cy-
abbreviated ellipsoid plots (Figure 7) in which the phenyl clophosphazenes that do not contain@®bonded substitu-
rings are omitted. In compourg] the torsion angles N(3) ents!! The P-aryl distances for3 (mean 1.797(3) A)4
P(1)-C(1)—CI(1), N(3)-P(1}-C(2)—Cl(2), and N(3y-P(1)-
C(3)—CI(3) are—6.4(2¥, 5.3(2f, and—4.9(2Y, respectively,
but in compoundb, the torsion angles N(3)P(1)-C(1)—
I(1), N(3)—P(1)-C(2)—1(2), and N(3)-P(1-C(3) —I(3) are
—1.4(3f, —154.7(2), and 151.5(3) respectively. In contrast
to above, the least symmetrical arrangement was observed

(9) Oakley, R. T.; Paddock, N. L.; Rettig, S. J.; TrotterCan. J. Chem.
1977, 55, 4206-4210.
(10) Ahmed, F. R.; Singh, P.; Barnes, W. Acta Crystallogr.1969 B25
316-328.
(11) Bickley, J. F.; Bonar-Law, R.; Lawson, G. T.; Richards, P. |.; Rivals,
F.; Steiner, A.; Zacchini, Sl. Chem. Soc., Dalton Tran8002 1235-
1244,
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under the BNj3 ring. The steric effect of the phosphazene
ring thus decreases the alkyP—aryl angle. Finally, the N3
rings are planar to withig=0.05, 0.06 , 0.06, 0.05, and 0.11
A for 3, 4, 5, 6, and 7, respectively, and the phosphazene
rings have a slight chair and boat form f8rand4 and a
puckered form foi5, 6, and7, because of intra- and inter-
molecular steric effects as observed for (PhRRAR)= Me

or EtP# and slight steric repulsion of the phenyl groups.

Thermal Properties. Differential scanning calorimetry
(DSC) was used to determine the thermal transitions of the
new trimers,3—7. Endothermic peaks corresponding to
melting points T,) (Table 3) were generally higher than the
Tm for 2 (157°C), as predicted with the incorporation of the
larger halogen atoms. For similar reasons, Theof the
trisubstituted cis isomet is higher than thd, of mono- or
disubstituted isomer§,and7. The highest, was observed
for 3, the derivative with the most electronegative chloroalkyl
group. No evidence for thermal polymerization was observed,
but broad endothermic curves between 300 and°&@are
likely because of sublimation.

The thermogravimetric analyses (TGA) data3ot7 were
all similar, with each showing a one-step weight loss
beginning at ca. 250 or 30T with less than 70% weight
loss at 400°C (Table 3). These new haloalkyl cyclophos-
phazenes appear to have greater thermal stability than the
cis isomers of either [Me(Ph)PNr [Et(Ph)PN}, where the
weight loss at 350°C exceeded 90%. The mono- and
dibromo compounds were slightly less thermally stable than
the trisubstituted compounds.

Reactions with Nucleophiles One of the potential ap-
plications of the haloalkyl derivatives of the alkylarylphos-
phazenes is their use as precursors to different types of
functionalized cyclophosphazenes, with the halogens serving
as leaving groups in nucleophilic substitution reactions.
However, numerous attempts to react the tribromo derivative
4 with sodium methoxide or sodium phenoxide failed to give
the expected ether derivatives. The conditions for these
attempts included refluxing in THF and heating at°@Din
Elrﬁtu::i I(IS.. The crystal packing diagram @fand hydrogen bonding in the ?C;:ﬂitzfl_)/:ll-fts) rhmal?ig(\fvi\sgrl\,ﬂS\I)hg]ntgesg?ta:regﬁilg(f);filg,rolzv Sn C5-

(=0)CH;s, was used along with 18-crown-6 and DMF, good
(mean 1.800(1) A)5 (mean 1.801(1) A)6 (mean 1.805-  Yields of the trisubstituted thioester derivative, were
(4)), and7 (mean 1.804(9)) and the-Ralkyl distances foB8 obtained (eq 4).
(mean 1.814(1) A)4 (mean 1.805(9) A)5 (mean 1.804(7)
A), and7 (mean 1.799(8) A) are also very similar to typical . o
P—aryl and P-alkyl distances of reported phosphazetes!o N7 SN . [ DMF
The unique P(1C(1) bond distance ir6, however, is JUN'S /ll,/Ph * KES—C—Me — =
somewh_at longer (1.828(7) A) p_resumably because of the BrHZC—" SN "—CHZBr
electronic effect of the lone bromine atom attached to C(1). 4
The mean values of PN—P (between 120and 122%) and
N—P—N (117.3 and 117.8) angles fol3—7 are in the range Ph _CH2—S—g—Me
of typical cyclophosphazenes. The exocyclielR-R angles N
in 3—7 reflect the position of the halogen atoms with respect
to the RNs rings. The C(1}-P(1)-C(11) angles (99.9(1) b _p"
102.0(3)’, 101.2(27, 101.5(37, and 101.0(2) for 3,4, 5, 6, Me—C—S—HQC: N .-CHz—S—C—Me
and7, respectively) are significantly smaller than the other I I
C—P—C angles that range between 103and 107.0. The
smaller angle corresponds to the P&Hyroup that wraps

Ph. CHgBr
A 2

N~ B

)
0 8 0
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Figure 7. Abbreviated ellipsoid plots of trihalogenated cyclophosphazenes showing halogen orientation.

Table 3. DSC and TGA Data for Cyclotriphosphazenes
TGA (% wt loss)

DSsC
trimer Tm (°C) 250°C 300°C 350°C 400°C

1 97 5 23 92

2 156 7 32 99

3 198 2 3 18 54
4 185 6 16 37 50
5 184 3 4 18 43
6 155 4 16 37 65
7 163 6 20 41 57
8 133 2 18 42 72

Purification by column chromatography gave a pure
sample of 8 that was characterized by NMR and IR
spectroscopy and X-ray crystallography. TE® NMR
spectrum contained the expected single signal 2.5 and
the'H and**C NMR spectra showed the typical aryl signals

and a new signal for the carbon atom adjacent to the carbonyl

group. The characteristic carbonyl signabat94 was also
clearly observed in thEC NMR spectrum. The melting point
of 8 at 133°C was significantly lower than the precursor
bromo compound, presumably due to the increased length

= L%
=

Figure 8. Thermal ellipsoid plot 08, cis{ Ph[CHC(=0)SCH]PN} 3 (40%
probability ellipsoids for non-hydrogen atoms).

phosphazenes, and the C{B(1)}-C(11) bond angle of

of the new substituents which decrease the order in the solid100.61 A is smaller than the other two-®—C angles for

state. TGA data for the thioest@showed a one-step weight
loss similar to that of compounds-7. Attempts to cleave

the reasons discussed above. Finally, thEsRing has a
slightly puckered conformation with a deviation from planar-

the sulfur-acetate bond using strongly basic conditions gave ity of +0.05 A.

unidentifiable mixtures rather than the desired thiol deriva-

tives.

Conclusion

The crystal structure (Figure 8) and data (Tables 1 and 2) A series of basket-shaped, nongeminally substituted halo-

clearly show the cis geometry of the new thioester derivative,

alkyl-phenyl cyclophosphazenes were prepared from the cis

8. The sulfur atoms, however, do not assume positions similarisomer of [Me(Ph)PNj 2, via deprotonation of the methyl

to that of the bromine in the parent compoufdinstead,

groups and treatment with halogen-containing electrophiles.

their arrangement with respect to each other is more like |n addition, the mono- and dibromoalkyl derivatives were

that of the trichloro compoun@8 with torsional angles of
—0.9(2y, 27.6(2}, and—4.2(2y for N(3)—P(1)-C(1)—-S(1),
N(3)—P(1)-C(2)—S(2), and N(3)-P(1)-C(3)—S(3), respec-
tively. The CHC(=O0) groups are staggered, presumably
minimizing steric repulsions.

The P-N and P-C bond distances (means-R, 1.597-
(4); P—aryl, 1.799(2); and Palkyl, 1.810(10) A) are typical
of these nongeminally substituted alkylaryl cyclophos-
phazenes. As observed f&—-7, the P-N—P and the

also isolated. The new cyclic compounds had higher melting
and sublimation points than those of the parent compound.
Although the new bromoalkyl compounds were less reactive
than simple alkylhalide analogues, RX, the electron-

withdrawing effect of the phosphorus attached to the bro-
minated carbon atom appears to favor reactions of the
bromoalkyl group with softer nucleophiles. It is noted that

the preparation of the haloalkyl compounds expands the
methods for derivatizing the -FMe substituted alkylaryl

N—P—N bond angles are also similar to those of other cyclic phosphazenes. Although deprotonation to formQM,Li
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groups affords a site for reactions with electrophiles, the new this mixture was stirred at least 12 h at room temperature. The
P—CH,X groups reported here are suitable for reactions with mixture was transferred to a 250-mL separatory funnel, and aqueous
nucleophiles, as demonstrated by the reaction with the KOH (40 mL, 1.5 M) was added. The compounds were extracted
thioacetate anion. Thus, these new haloalkyl cyclophos- With CH:Clz (2 x 20 mL). The organic layer was dried over Na
phazenes may be useful for the preparation of a variety of SO, and filtered. The flltrat.e was eva!oorated t.o dryness under
other cyclic compounds. The reactions reported here also'€duUced pressure. The residue was dissolved in 20 mL of ethyl
serve as models for the analogous polymer [Me(Ph)Rd] acetate and then filtered through a 15 mL glass frit containing a

hich the haloalkvl derivati h b | v isol dIayer of silica gel (2 cm). The volatiles were removed under vacuum
which the haloalkyl derivatives have not been cleanly isolate to give a white solid, 0.38 g (89%). Crystallization by slow

using % as electrophile®? evaporation of ethyl acetate at room temperature gave the product
. . as colorless crystal$H NMR (CDCl): 6 3.79 (d, 6 H, PCKLCI,
Experimental Section Jou = 6.5 Hz), 7.33-7.43 (m, 9 H, GHs), 7.86-7.92 (m, 6 H,

Unless otherwise stated, all reactions were performed in flame- CeHs). *C NMR{*H} (CDCl): 6 43.5 (d, PCHCI, Jpc = 99.6
dried or oven-dried glassware by using standard Schlenk techniquesHz), 128.1 (d, PhJpc = 13.2 Hz), 130.7 (d, Phjec = 9.9 Hz),
Toluene, benzene, hexanes, and dichloromethane were distilled from31.6 (d, PhJec = 2.8 Hz), 133.6 (d, PhJec = 135.4 Hz).*'P
CaHM; THF and diethyl ether were distilled from Na/benzophenone NMR{'H} (CDCL): 6 17.4. IR (KBr, neat, cm"): 3059 m, 2983
and stored over molecular sieves under nitrogen until they were M, 2920 m, 1590 m, 1480 m, 1437 s, 1388 m, 1230 s, 1214 s,
needed. Then-BuLi, ICH,COOEt, BrC(O)CMeBr, C,Cls, and 1188 vs, 1166 vs, 1133 s, 1027 s, 884 m, 810 s, 769 m, 747 m,
dibromoethane were used as received from commercial sources701 s, 680 s, 662 m, 578 m, 521 s, 502 m, 470 m, 452m. Anal.
Published procedures were used to prepare and iscis{&le- Calcd for GiH21PsNsCls: C, 49.01; N, 8.16; H, 4.11. Found: C,
(Ph)P=N]3, 2,2 and CHC(=0)SK13 All manipulations for the ~ 49.53; N, 8.08; H, 4.24. Mp: 198C.
syntheses were done under an atmosphere of dry nitrogen, but the Preparation of cis-[Phs(BrCH 5)sPsN3], 4, 6, and 7.In a typical
cyclic phosphazene products were handled in the atmosphere. NMRprocedure, 1.00 g (2.43 mmol) ofs-[Me(Ph)PN}, 2, was placed
spectra were recorded on a SGI/Bruker DRX-400 spectrometer. in a two-necked, 50 mL round-bottom flask with a magnetic stir
Positive’H and*C NMR chemical shifts an@P NMR shifts are bar, a nitrogen inlet adapter, and a rubber septum. Freshly distilled
downfield from the external references Meand HPO,, respec-  THF (10 mL) was then added to the flask, and the mixture was
tively. Elemental analyses and IR spectra were obtained on a Carlocooled to —78 °C. The n-BuLi (3.5 equiv, 3.4 mL, 2.5 M in
Erba Strumentazione CHN Elemental Analyzer 1106 and a Nicolet hexanes) was added to the solution. The white slurry was stirred
560 IR spectrometer, respectively. Thermal data was collected onfor 4 h at—78 °C, and then BrCKCH,Br (3.5 equiv, 0.8 mL) was
a TA Instruments SDT 2960 and DSC 2010. added. The mixture was allowed to warm to room temperature and

X-ray Crystallography. Crystals of3, 4CH,Cl,, 5, 6 and7 stirred for 12 h. The resulting clear, light yellow solution was
were colorless, bug was pale-yellow. All single-crystal samples transferred to a separatory funnel with dichloromethane (30 mL),
were plate-shaped. The diffraction data of all structures were and aqueous KOH (40 mL, 1.5 M) was added to remove any HBr.
collected on a Bruker P4 diffractometer at room temperature. The The organic layer was separated, dried oves3@, and filtered,
pertinent crystallographic data are summarized in Table 1. Final and the volatiles were removed with a rotary evaporator. The residue
unit-cell parameters were obtained by a least-squares fit of the was further dried at 56C under reduced pressure. Théand3P
angles of ca. 40 accurately centered reflections in the range°of 18 NMR spectra indicated that the mono-, di-, and trisubstituted cis
< 26 < 30°. Data were recorded witty scans. All structures were  ijsomers were all present in a 1:2:1 ratio, respectively. The three
solved by direct methods and subsequent difference Fourier compounds were separated by column chromatography (silica gel,
syntheses using the SHELXTL-Plus pack&té.phenyl ring, C(21) 60 A, ethyl acetate/hexanes1:1): 6, 0.23 g, 15%R; = 0.89;7,
through C(26), in structur8 was disordered which was refined (.53 g, 37%R; = 0.81;4, 0.21 g, 17%R; = 0.51. Crystallization
with restraints. In the lattice af, half of a CHCI, solvent molecule by slow evaporation of dichloromethane at room temperature gave
was found for one phosphazene molecule. Structures were refinedeach product as colorless crystals.
anisotropically onF? (SHELXL97).* Hydrogen atoms were This reaction gives substantially better control when the elec-

constrained with a riding model. Selected bond distances and anglestrophile BrC(O)CMeBr is used in place of dibromoethane. Typi-
are listed in Table 2. Further details regarding the crystal data andcally the tri-/disubstitution ratio was 80:20 with separation facilitated

refinement, as well as full t_ables of bond lengths _and angles fqr by column chromatography as described above. No monosubstituted
each structure reported in this paper are presented in the SUpport'n%ompound was detected

Information.
. . ) cis-[Ph3(BrCH 2)3P3Ng], 4. 1H NMR (CDCly): ¢ 3.64 (d, 6 H,
Preparation of cis-[Ph3(CICH)3P3N3], 3. In a typical procedure, PCHBY, Jon = 5.9 Hz), 7.32-7.42 (m. 9 H, Ph), 7.847.90 (m, 6

0.34 g (0.83 mmol) otis-[Me(Ph)PN}, 2, was placed in a two-

neckgdf 50 mL rou)nd-bot[tom( fla)sk e];quipped vF\)/ith a magnetic stir H, Ph)."3C NMR{'H} (CDCl): 6 30.7 (d, PCHB, Jec = 98.1

bar, a nitrogen inlet adapter, and a rubber septum. Freshly distilled 12): 128.1 (d. PhJec = 13.4 Hz), 130.7 (d, ngf =10.2 ';'Z)’

THF (10 mL) was added to the flask, and the solution was cooled 131.5 (s, Ph), 133.8 (d, Phipc = 1136'1 Hz). 5P NMR{*H}

to —78 °C. Then, 3.5 equiv of-BuLi was added to the solution, (CDCL): 0 16.5. IR (KBr, pellet, cmf): 3057 m, 3000 m, 2938

and the white slurry was stirredrfd h atthat temperature. Next, m, 1462 m, 1438 s, 1375 m, 1200 vs, 1153 vs, 1125 s, 1057 m,

3.5 equiv of GCls (0.7 g) was added to the slurry a8 °C. and 1026 s, 999 m, 883 w, 868 w, 791 s, 729's, 695 s, 627 W, 612 m,
570 m, 519 s. Anal. Calcd for £H,1PsN3Br3: C, 38.92; N, 6.48;

(12) Wisian-Neilson, P.; Ford, R. R.; Haley, E. Unpublished work. H, 3.27. Found: C, 39.22; N, 6.03; H, 3.45. Mp: 183.
(13) Juaristi, E.; Cruz-Sehez, S.J. Org. Chem1988 53, 3334-3338. cis-[Ph3(BrCH ,)(CH3),PsN3], 6. 'H NMR (CDCls): 6 1.89 (d,
(14) Sheldrick, G. MSHELXTL-PlusBruker Analytical X-ray Systems, —
Inc.. Madison, WI. 1990. 6 H, PCH;, Jpn = 14.2 Hz), 3.49 (m, 2 H, PCBr), 7.18-7.27
(15) Sheldrick, G. MSHELX97, Program for Crystal Structure Solution (M, 6 H, Ph), 7.357.41 (m, 3 H, Ph), 7.627.67 (m, 4 H, Ph),
and RefinementJniversity of Gdtingen: Gatingen, Germany, 1998. 7.83-7.89 (m, 2 H, Ph)13C NMR{1H} (CDCl): 6 23.9 (d, PCH,
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Jpc = 101.7 Hz), 33.0 (d, PC#Br, Jpc = 93.9 Hz), 128.3 (d, Ph,
Jpc = 13.1 Hz), 128.7 (d, Phlpc = 12.7 Hz), 129.9 (d, Phlpc =
11.2 Hz), 130.67 (s, Ph), 130.7 (d, Phe = 9.6 Hz), 131.7 (d, Ph,
Jpc = 2.7 Hz), 135.3 (d, Phlpc = 133.3 Hz), 139.0 (d, Pllpc =
124.9 Hz).3'P NMR{'H} (CDCl): 6 14.8, 21.1. IR (KBr, pellet,
cm™1): 3073 m, 3054 m, 2988 m, 2977 m, 2926 m, 2913 m, 1589
w, 1478 w, 1435 m, 1409 w, 1291 m, 1197 vs, 1163 vs, 1120 s,
1027 m, 934 m, 891 s, 817 s, 726 s, 696 s, 557 s, 517 s. Anal.
Calcd for GiH»3PsN3Br: C, 51.45; N, 8.57; H, 4.73. Found: C,
51.64; N, 8.34; H, 4.81. Mp: 155C.

cis-[Ph3(BrCH 2),(CH3)P3N3], 7. 1H NMR (CDCl): 6 1.93 (d,
3 H, PCH;, Jpy = 14.3 Hz), 3.59 (m, 4 H, PC}Br), 7.25-7.41
(m, 9 H, Ph), 7.69-7.75 (m, 2 H, Ph), 7.827.87 (m, 4 H, Ph).
13C NMR{1H} (CDCly): 6 24.0 (d, PCH, Joc = 100.6 Hz), 31.7
(d, PCHBEr, Jpc = 97.4 Hz), 128.4 (d, Phlpc = 12.8 Hz), 128.5
(d, Ph,Jpc=13.1 Hz), 129.9 (d, Phlpc = 10.4 Hz), 130.9 (d, Ph,
Jpc = 2.9 Hz), 131.0 (d, PhlJpc = 10.1 Hz), 131.7 (d, Phlpc =
2.6 Hz), 134.8 (d, Phlpc = 134.6 Hz), 138.6 (d, PRlpc = 126.6
Hz). 3P NMR{1H} (CDCL): ¢ 15.5, 22.1. IR (KBr, pellet, crt):
3054 m, 2987 m, 2919 m, 1435 m, 1407 w, 1379 w, 1295 m, 1200
vs, 1159 vs, 1121 s, 1027 m, 998 m, 916 m, 895 m, 877 m, 822 m,
795 s, 729 s, 694 s, 609 m, 562 s, 520 s. Anal. Calcd far C
H2oPsN3Bro: C, 44.32; N, 7.38; H, 3.90. Found: C, 44.57; N, 7.22;
H, 3.87. Mp: 163°C.

Preparation of cis-[Phs(ICH 2)3PsNs], 5. The trianion was
generated as described above using 0.33 g (0.8 mmais¢ie-
(Ph)PN}, 2, freshly distilled THF (10 mL), and TMEDA (0.4 mL).
This was treated with ICKCOOEt (0.3 mL, 3.0 equiv) at 78 °C
and stirred for 12 h at room temperature, and then the volatiles

s, 1376 m, 1365 s, 1199 vs, 1021 vs, 1071 s, 1042 m, 1025 s, 998
m, 876 m, 859 s, 796 m, 778 s, 768 s, 735 s, 722 S, 695 s. Anal.
Calcd for GiH»1PsN3ls: C, 31.97; N, 5.33; H, 2.68. Found: C,
32.36; N, 5.41; H, 2.63. Mp: 184C.

Preparation of cis-{[CH ;C(=0)SCH,](Ph)PN}3, 8. A 1.00 g
(1.54 mmol) sample otis[Ph (BrCH;)PN]s, 5, was placed in a
two-neck, 50 mL round-bottom flask equipped with a magnetic
stir bar, a nitrogen inlet adapter, and a rubber septum. Dry DMF
(10 mL) was added to the flask, and the mixture was stirred at
room temperature. Then, 18-crown-6 (0.7 g, 6.16 mmol) angdcH
(=0)SK (1.05 g, 9.24 mmol) were added under nitrogen. The
resulting dark-yellow solution was stirred at room temperature for
2 days. The reaction mixture was diluted with &Hb (200 mL)
and washed with water (X 50 mL) to remove the unreacted
potassium thioacetate. The organic layer was separated, and the
solvents were removed using a rotary evaporator. The oily residue
was further dried at 50C in a vacuum oven for 1 day. The mixture
was purified and separated by column chromatography (silica gel,
60 A, columns (25 mnmx 250 mm, ethyl acetate/hexanesi:1).

The product8, was recrystallized from benzene/hexane (1:2): 0.480
g, 76%,R; = 0.55.'H NMR (CDClg): 6 2.38 (s, 9H, CHS), 3.51

(d, Jpy = 10.0 Hz, 6H, PCH), 7.31~7.36 (m, 9 H, GHs), 7.79—

7.84 (m, 6 H, GHs). 13C NMR {H} (CDCl): ¢ 30.6 (s, CH),
33.1(d, PCH, Jpc = 97.1 Hz), 128.3 (d, €Hs, d, Jpc = 13.1 Hz),
130.6 (d, QH5, Jpc = 10.1 HZ), 131.5 (d, €H5, Jpc = 2.4 HZ),
135.3 (d, GHs, Jpc = 132.0 Hz), 194.0 (d, €0, Jpc = 4.0 Hz).

31P NMR{*H} (CDCL): 6 19.5. IR (KBr, neat, cmt): 3675 m,
3065 m, 2954 m, 2900 s, 1701 s, 1686 s, 1437 s, 1357 s, 1198 s,
1164 s, 1130 s, 1099 s, 1069 m, 1027 m, 964 s, 873 m, 796 s, 780

were removed under vacuum. The residue was dissolved in 20 mLm, 621 s, 528 s. Anal. Calcd for,@H3gN3OsP:S;: C, 51.18; N,

of toluene, and this mixture was filtered using a glass frit with a
layer of Celite. The volatiles were removed from the filtrate under
vacuum to give 0.4 g of a pale-yellow solid. The compound was
purified by recrystallization from ethyl acetate. The first crop gave
0.28 g (44%); the second crop gave 0.08 g (13%).NMR
(CDCly): 6 3.54 (d, 6 H, PCH, Jpy = 7.2 Hz), 7.29-7.35 (m, 9

H, Ph), 7.83-7.88 (m, 6 H, Ph)13C NMR{H} (CDCl): 6 4.4

(d, PCH, Jpc = 96.6 Hz), 127.7 (d, Phlpc = 13.6 Hz), 130.4 (d,
Ph,Jpc = 10.5 Hz), 131.0 (s, Ph), 133.6 (d, Rltc = 135.0 Hz).

31P NMR{'H} (CDCk): 6 17.4. IR (KBr, neat, cml): 3052 m,
2991 m, 2931 m, 1966 m, 1895 m, 1820 m, 1589 m, 1479 m, 1437

6.63; H, 4.77. Found: C, 51.15; N, 6.42; H, 4.79. Mp: 1I%3
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