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The first examples of ring-closing metathesis (RCM) reactions of a series of terminal alkene-derived cyclic phosphazenes
have been carried out. The tetrakis-, hexakis-, and octakis(allyloxy)cyclophosphazenes (NPPh,)(NP(OCH,CH=CH,),),
(1), N3gP3(OCH,CH=CH,)5 (2), and N4P4(OCH,CH=CH,)g (3) and the tetrakis(allyloxy)-S-phenyithionylphosphazene
(NS(O)Ph)[NP(OCH,CH=CH,).]. (4) were prepared by the reactions of CH,—CHCH,ONa with the cyclophosphazenes
(NPPh,)(NPCly),, N3PClg, and N4P,4Clg and the S-phenyithionylphosphazene (NS(O)Ph)(NPCl,).. The reactions of 1—4
with Grubbs first-generation olefin metathesis catalyst Cl,Ru=CHPh(PCys), resulted in the selective formation of seven-
membered di-, tri-, and tetraspirocyclic phosphazene compounds (NPPh,)[NP(OCH,CH=CHCH,0)], (5), N3P3-
(OCH,CH=CHCH,0); (6), and N4P4(OCH,CH=CHCH,0), (7) and the dispirocyclic S-phenyithionylphosphazene
compound (NS(O)Ph)[NP(OCH,CH=CHCH,0)], (8). X-ray structural studies of 5—8 indicated that the double bond of
the spiro-substituted cycloalkene units is in the cis orientation in these compounds. In contrast to the reactions of 1—4, RCM
reactions of the homoallyloxy-derived cyclophosphazene and thionylphosphazene (NPPhy)[NP(OCH,CH,CH=CH,),]» (9)
and (NS(O)Ph)[NP(OCH,CH,CH=CHy),]» (10) with the same catalyst resulted in the formation of 11-membered diansa
compounds NPPh,[NP(OCH,CH,CH=CHCH,CH,0)], (11) and (NS(O)Ph)[NP(OCH,CH,CH=CHCH,CH,0)]> (13)
and the intermolecular doubly bridged ansa—dibino—ansa compounds 12 and 14. The X-ray structural studies of compounds
11 and 13 indicated that the double bonds of the ansa-substituted cycloalkene units are in the trans orientation in these
compounds. The geminal bis(homoallyloxy)tetraphenylcyclotriphosphazene [NPPh,]o[NP(OCH,CH,CH=CH,),] (15) upon
RCM with Grubbs first- and second-generation catalysts gave the spirocyclic product [NPPhy]o[NP(OCH,CH,-
CH=CHCH,CH,0)] (16) along with the geminal dibino-substituted dimeric compound [NPPh,]o[NP(OCH,CH,CH=CH-
CHoCH,0),PN][NPPh,], (17) as the major product. The dibino compound 17, upon reaction with the Grubbs second-
generation catalyst, was found to undergo a unique ring-opening metathesis reaction, opening up the bino bridges and
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partially converting to the spirocyclic compound 16.

Introduction

The prospect of variety in substitution reactions on the
reactive P—X bonds make cyclophosphazenes attractive
for the preparation of a wide range of derivatives having
diverse applications.'”® Numerous structural isomers and
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stereoisomers, unique to the cyclophosphazene ring skeleton
are known, and many of these have been prepared by careful
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Figure 1. Types of intra- and intermolecular cyclic products possible
from the reactions of halocyclophosphazenes with simple difunctional
reagents.

reaction strategies.'™~!" Among these, the reactions involv-
ing difunctional reagents with halogenated cyclophospha-
zenes have focused mostly on understanding the preferences
in the formation of ansa- and spiro-substituted isomeric
products, as well as in making the intermolecular bridged
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bino derivatives (Figure 1).'*'? In general, the nature of the
products formed in these reactions is controlled by a variety
of factors such as the chain length of the difunctional
reagents, the nature of the reacting functional groups, and
their mode of activation.'*'> We have earlier shown the
possibility of conversion of many examples of ansa deriva-
tives of fluorophosphazenes to their spiro analogues,'* while
Shaw and co-workers have shown the interconversion of
a spiro-substituted cyclophosphazene to an ansa compound
as well.'®

While the ansa, spiro, and bino derivatives of cyclophos-
phazenes known so far have been prepared by the reactions of
multifunctional reagents such as diols, diamines, pentaery-
thritol, etc., with halophosphazenes, no attempts have been
made to see the selectivity in the formation of these structur-
ally different derivatives if existing acyclic substituents on a
cyclophosphazene scaffold are made to undergo ring forma-
tion. Olefin metathesis using Grubbs’ and Schrock’s catalysts
has been one of the most sought-after reactions utilized in ring-
closing reactions of terminal alkenes in recent times.'” Although
such reactions have been centered mostly on organic substrates,
their usefulness in realizing metathesis products of main-group-
and transition-metal-based alkenes has been steadily evolving.'®
In the area of phosphazene-based polymers, Allcock and co-
workers have shown the utility of ADMET and ROMP
polymerization methods using the Grubbs first-generation
catalyst in the synthesis of novel phosphazene pendant
polymers."” However, no olefin metathesis studies have been
reported on cyclic phosphazenes specifically involving ring-
closing metathesis (RCM) reactions. In this paper, we report
the first study of RCM reactions on a series of terminal
alkene-derived cyclophosphazenes using the Grubbs first-
generation catalyst. The study, in addition to showing selec-
tivity in the ansa, spiro, and bino ring formations (Figure 1),
was also expected to generate novel cycloalkene-derived
cyclophosphazenes, which can be utilized for further reactions
centered on the alkene moiety. Details of the RCM reactions
of allyloxy- and homoallyloxy-derived cyclophosphazenes
and thionylphosphazenes and structural characterization of
the new cycloalkene-derived phosphazene derivatives are
described. The first ring-opening metathesis (ROM) reaction
of a cycloalkene-based dibinocyclophosphazene dimer using
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the Grubbs second-generation catalyst followed by ring clos- Hexakis(allyloxy)cyclotriphosphazene 2 was prepared in a
ing, leading to a spiro-substituted derivative, is also reported. manner similar to the synthesis of 12! When RCM was
carried out on 2 using 10 mol % of the G1 catalyst, formation
Results and Discussion of a monospirocyclic compound was observed, which was

identified using "H NMR spectral studies. However, when
this reaction was carried out with 20 mol % of the Gl
catalyst, the trispirocyclic compound 6 was obtained exclu-
sively as colorless crystals (Scheme 2).

Because reactions carried out on the six-membered cyclo-
triphosphazene scaffold were giving exclusively the spirocyc-
lic derivatives, we were keen to observe the nature of products
formed on a larger phosphazene scaffold, which is signifi-
cantly puckered. Structural studies on tetrameric phospha-
zene Ny4P4Clg and its derivatives have indicated that they
have, in general, a puckered (tub-shaped) structure.”* The
allyloxy substituents on such a ring can have proximities that
are different from those of their trimeric analogues. The
octakis(allyloxy)cyclotetraphosphazatetraene 3 was there-
fore prepared in a manner similar to the synthesis of 2, and
its RCM was carried out using the Gl catalyst. It was

Examples of cyclic phosphazenes and thionylphospha-
zenes with terminal alkene-derived acyclic substituents were
prepared and RCM reactions carried out on them using the
Grubbs first-generation catalyst. Allyloxy and homoallyloxy
groups were chosen as the terminal alkene-containing moi-
eties to observe the effect of the chain length on the nature of
the products formed, and their cyclophosphazene deriva-
tives, when prepared, were found to be viscous liquids. These
phosphazene derivatives upon RCM resulted in intra- and
intermolecular cycloalkene products, most of them as solids.
The primary objective of the present study was to recognize
any selectivity in the nature of the products formed from
these reactions (ansa, spiro, and bino) and also to identify the
factors responsible for the formation of the same.

The initial reactions were carried out on the gem-diphenyl-
substituted cyclophosphazene, 1,1-Ph,N3;P;Cl,; because, un- ) i
like N3P3C16,ythe Ie)xtenpt of substitution and ring formation on observed that the reaction was quite similar to that of the
this phosphazene ring by allyloxy units can be easily mon- hexagllyloxy trimer 2 and yielded exclusively the tetraspir-
itored by NMR studies and the rigidity provided by the Ph,P ocyclic cyclotetraphosphazatetraene 7 (Scheme 3).
moiety often helps in realizing crystalline products, which are Thionylphosphazenes, although similar in many ways to
essential in differentiating isomeric products by X-ray struc- cyclophosphazenes, have sometimes showed reaction chem-
tural studies. Sodium allyloxide was prepared by reacting istry different from that of the latter.”> With a view to see if
allyl alcohol with NaH, and it was reacted with 1,

(21) Fumiaki, Y.; Massaki, Y. Kogakuin Daigaku Kenkyu Hokoku 1959,

1-Ph,N3P;Cly to give the tetrakls(allyloxy) derivative 1 as a 7 6266

yellowish viscous hquld O RCM, when carried out on 1 using (22) Elias, A. J.; Twamley, B.; Haist, R.; Oberhammer, H.; Henkel, G.;
10 mol % of the Grubbs first- generdtlon Cdtdlyst (Gl) Krebs, B.; Lork, E.; Mews, R.; Shreeve, J. M. J. Am. Chem. Soc. 2001, 123,

: : ati ECN 10299-10303.

Scheme 1), resulted in the exclusive formation of the dispir (23) (a) Elias, A. J.; Twamley, B.; Shreeve, J. M. Inorg. Chem. 2001, 40,
ocyclic cpmpound 5 as a white crystalline solid. Compound § 2120-2126. (b) Ramakrishna, T. V. V;; Elias, A. I. J. Organomet. Chem. 2001,
was purified by column chromatography and structurally 637—639, 382-389. (c) Gates, D. P; Park, P; Liang, M.; Edwards, M.;
characterized. Angelakos, C.; Liable-sands, L. M.; Rheingold, A. L.; Manners, 1. Inorg. Chem.

1996, 35, 4301-4309. (d) McWilliams, A. R.; Gates, D. P.; Edwards, M.;
Liable-sands, L. M.; Guzei, L.; Rheingold, A. L.; Manners, 1. J. Am. Chem.
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similar chemistry can be extended to these inorganic hetero-
cycles, we have prepared the tetrakis(allyloxy)-substituted
S-phenylthionyldiphosphatriazene 4 (Scheme 4). Upon treat-
ment with the G1 catalyst, this compound was also found to
give a dispiro derivative 8 similar to 5.

Because RCM on all of the allyloxy-derived cyclophos-
phazenes and thionylphosphazenes, irrespective of the ring
size and the presence of hetero ring substituents on the
cyclophosphazene, yielded only the spirocyclic derivatives,
we were keen to observe the nature of RCM products formed
when the chain length of the acyclic substituents are increased.
To see the effect of an increase in the chain length of the alkene
on the nature of the products in RCM, tetrakis(homoallyloxy)
derivatives (NPPh,)[NP(OCH,CH,CH=CH,),], (9) and
(NS(O)Ph)[NP(OCH,CH,CH=CH),),], (10) were prepared
by the reaction of a sodium salt of homoallyl alcohol with
(NPPh,)(NPCl,), and (NS(O)Ph)(NPCl,),, respectively.
These acyclic cyclophosphazene derivatives were subject to
cyclization using the G1 catalyst. The reactions were found to
give two major products in both cases, and mass spectral
studies indicated that the molecular weight of the second
compound was twice that of the first compound and indi-
cated the presence of two phosphazene/thionylphosphazene
units. The RCM reaction of 9, in principle, can give six kinds
of cyclized products (Figure 2). In addition to these com-
pounds, the possibility of stereoisomers arising from the
presence of different stereochemical configurations of phos-
phorus atoms also exists (e.g., ansa structures with cis and
trans annulated rings for the ansa—dibino—ansa case).

The first compound crystallized in both cases (compounds
11 and 13), and X-ray structural studies confirmed them to be
diansa compounds. Quite interestingly, these compounds
were found to have the alkene units of the ansa rings in the
trans orientation, which was in contrast to the spiro com-
pounds 4—8, where the alkene units were in the cis orientation.
The compound 12 with molecular weight 1034.11 was found to
be a viscous liquid that could have either a spiro—dibino—
spiro, an ansa—dibino—ansa, or an ansa—dibino—spiro struc-
ture. The *'P NMR spectrum of a spiro—dibino—spiro struc-
ture should give three peaks for the three different phosphorus

DCM, 8h C/\ \ /\)
-\

units, and that of an ansa—dibino—ansa compound should
give only two peaks. The *'P NMR spectrum of compound 12
gave two sets of peaks around 6 21.34 and 1586 in a
doublet—triplet pattern, and therefore it was assigned the
ansa—dibino—ansa structure (Scheme 5). The possibility of
12 being the unsymmetrical ansa—dibino—spiro isomer was
ruled out because it should have given five peaks in the *'P
NMR spectrum. The minor possibility of a tetrabino structural
isomer for 12 (Figure 2) was also ruled out by the fact that the
'H NMR spectrum of 12 gave two different signals for the
alkene protons at ¢ 5.39 and 5.05, corresponding to the ansa
and bino double bonds, respectively.

Analysis of the products of the RCM reaction of the
tetrakis(homoallyloxy)-S-phenylthionylphosphazene 10 in-
dicated them to be more complex compared to 9 because of
the lower symmetry of the thionylphosphazene ring. In this
reaction, also a diansa compound 13 similar to 11 was found
to form as one of the main products, whose identity was
confirmed by X-ray structural analysis. Mass spectral anal-
ysis indicated that the second major fraction in the reaction
mixture has a molecular weight twice that of 13. Compound
14 with a molecular weight of 914.19 was found to be a low-
melting solid, which could have either a spiro—dibino—spiro,
an ansa—dibino—ansa, or an ansa—dibino—spiro structure,
similar to the product obtained in the case of 9. The *'P NMR
spectrum of compound 14 gave only a singlet at 6 11.01, and
therefore it was assigned the ansa—dibino—ansa structure
because, for the spiro—dibino—spiro structure, two °'P
NMR signals and, for ansa—dibino—spiro, three *'P NMR
signals are expected (Scheme 6). *'P NMR spectral analysis
of the reaction mixtures in the RCM reactions of both 9 and
10 (Schemes 5 and 6) indicated the presence of more com-
pounds in minor amounts in addition to compounds 11—14,
which, however, could not be obtained in isolable amounts
and characterized. It was also not possible to clearly identify
the orientation of the alkene double bonds present in semi-
solids 12 and 14 because of their multiplicity and the absence
of crystal structure data.

To reduce the complexity in the product formation and also to
see if the formation of compounds with intermolecular bridged



254 Inorganic Chemistry, Vol. 50, No. 1, 2011

P N
N~ SN 05 5.0

O"7P\N”R£;o <i01\;g;\ 0.
\ (o] d w

DISPIRO DIANSA

p=N \NP

Q@ .

N

ANSA-DIBINO-SPIRO

Figure 2. Possible cyclized products from the RCM reaction of 9.

Scheme 5
U\v/\ NN /\\/g 10 mol % P
Oo.y 1.0 of G1 o N °N
O/P\ N’/ P\O O: P< Nf, PZ
DCM, 10h | <~
o0 =
\ 9 1
Scheme 6

P

NS
o [gXe} 10 mol % N’StN
P R of G1 o L
g N o o Pone P
~NT

dibino units is a feature of RCM of long-chain terminal alkenes
such as the homoallyloxy units, geminal bis(homoallyloxy)
compound (NPPh,),[NP(OCH,CH,CH=CH,),] (15), a de-
rivative of the tetraphenyl-substituted cyclophosphazene
(NPPh,),NPCl,, was prepared. Because in this case there
is no possibility of realizing ansa-substituted compounds, a
spirocyclic cycloalkene-derived phosphazene was expected
upon RCM. When RCM of 15 was carried using 5 mol % of
the G1 catalyst, the expected nine-membered monospiro-
cyclic compound [NPPh,],[NP(OCH,CH,CH=CHCH,-
CH,0)] (16) was obtained, but interestingly, along with it,
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the 18-membered geminal dibino-substituted dimeric com-
pound [NPth]2[NP(OCHQCH2CH=CHCH2CH20)2PN]
[NPPh,], (17) was obtained as the major product (Scheme 7).
To the best of our knowledge, this is the first example of a
geminal dibino derivative in cyclophosphazene chemistry.
The identity of compound 16 was confirmed by X-ray
structural analysis, and similar to the spirocyclic compounds
4-8, the double bond of the cycloalkene unit of compound
16 was found to be cis, whereas compound 17, as indicated
by *'P NMR, was obtained as an 1nseparable mixture of cis/
trans isomers, which is quite common in RCM involving
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larger rings. While the *'P NMR spectra of 17 indicated the
presence of two very closely spaced sets of doublets and
triplets, attempts to separate these isomers were found to be
unsuccessful.

It has been reported that, unlike the Grubbs first-genera-
tion catalyst, the use of the Grubbs second-generation
catalyst in macrocyclic RCM reactions provides better selec-
tivity and a higher E/Z ratio of the alkene formed. This has
been attributed to secondary metathesis reactions that hap-
penin the presence of the Grubbs second- generatlon catalyst,
which isomerizes the cychzed products further.* Because the
dibino products obtained in this study were macrocyclic in
nature, we were keen to see the effect, if any, of the Grubbs
second-generation catalyst on them. When compound 17 (a
mixture of cis/trans isomers) was reacted with 10 mol % of
the Grubbs second-generation catalyst in refluxing dichloro-
methane, it showed an interesting partial transformation to
compound 16 in 26% yield (Scheme 8). Although ansa-to-
spiro and spiro-to-ansa transformations had been reported
earlier, this is the first example of a dibino-to-spiro transfor-
matlon in cyclophosphazene chemistry. The simplicity of the

13C NMR spectra of 17 clearly indicated that the mixture
contains only two symmetrical compounds (both cis and
both trans) with signals for two double-bond carbons
appearing at & 128.55 and 128.39. After conversion, the '*C
NMR spectrum of the remaining fraction of 17 indicated that
the relative intensity of the peak at d 128.55 has considerably
decreased, possibly indicating that the isomer with both
double bonds in the cis configuration has undergone further
metathesis, leading to compound 16 and also to more of the

(24) Lee, C. W.; Grubbs, R. H. Org. Lett. 2000, 2, 2145-2147.

10 mol% of G2 P.

CHAO
DCM, 4h -
P N R
16

isomer with both double bonds in the trans configuration of
17. This change in the £/Z ratio of 17 isin conformity with the
observation of Grubbs and co-workers on secondary me-
tathesis involving cycloalkenes of large ring sizes.>* Analysis
by *'P NMR spectroscopy of the dibino compound 17 before
and after partial conversion to 16 indicated that, among the
two closely spaced set of peaks [0 20.02, 19.97 (both doublets)
and 0 10.15, 9.88 (both triplets)], the intensity of one set (0
19.97 and 10.15) has reduced (from 45:55 to 36:64), further
supporting the above observation. RCM of 15 carried out
using the G2 catalyst instead of the G1 catalyst was found to
give the spiro and dibino compounds 16 and 17 in 28 and
49% yields, respectively, and compound 17 was obtained as a
37:63 mixture of cis/trans isomers. This indicates that the
Grubbs second-generation catalyst brings about a better E/Z
ratio of cyclic alkene products of large rings with better yields
of products compared to the first-generation catalyst.
Spectral Studies of Compounds 1—17. Compounds
1—17 have been characterized by IR, NMR ('H, '*C,
and *'P), and mass spectral studies. Cyclization of com-
pounds 1—4, 9, 10, and 15 can be easily monitored by the
absence of a terminal =CH, peak in the '"H NMR spectra
of compounds 5—8, 11—14, 16, and 17. The terminal
=CH), chemical shifts were found to be in the range of ¢
5.10—5.50 for the allyloxy compounds 1—4 and 6 4.91—5.18
for the homoallyloxy compounds 9, 10, and 15. The chemical
shifts of —CH= protons were found to be in the range of ¢
5.83—6.01 for compounds 1—4, which showed a slight
upfield shift of around 0 0.2 after cyclization in compounds
5—8. A similar trend was also observed for compounds 9 and
10. Contrary to the above, compound 15 showed a slight
downfield shift in the chemical shift of —CH= protons after
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Figure 3. X-ray crystal structure of compound 5 (phenyl hydrogen atoms
have been omitted for clarity). Selected bond lengths (A) and angles (deg):
PI—NI1 1.598(3), P1—C7 1.801(3), P2—01 1.575(3), O1—C16 1.447(4),
C13—C141.476(5),C14—C15 1.309(5); N1—P1—=N3 116.6(1), N1—P2—N2
118.3(1), C7—P1—C1 104.9(1), O1-P2—02 102.7(1), C13—C14—CI15
127.3(3).

Figure 4. X-ray crystal structure of compound 7. Selected bond lengths
(A) and angles (deg): P1—N1 1.564(2), P1-01 1.577(2), C1—C2 1.485(4),
C2—C3 1.306(4); N1=P1—NI1 120.5(2), O1-P1-02 103.5(1), O1-C1—
C2112.3(3), C3—C2—C1 127.7(3).

cyclization. The —OCH,— protons of compounds 1—4, 9,
10, and 15 were found to be more shielded compared to
the —OCH,— protons of their cyclized analogues. The 'H
NMR spectra of thionylphosphazene compounds 4 and 10
were found to be more complex because of the unsymmet-
rical nature of the thionylphosphazene ring. In these two
compounds, two sets of signals were obtained for all types of
protons, one corresponding to the allyloxy/homoallyloxy
group pointing toward the phenyl ring and the other toward
the S=O bond. Allyloxy/homoallyloxy groups pointing
toward the S=O bond were deshielded compared to those
directed toward the phenyl ring. In general, 'H NMR studies
on the cis and trans double bonds of the cycloalkene units
indicated that the CH of the cis double bond is deshielded
compared to the CH of the trans double bond. The CH
hydrogen atoms of cyclized compounds 5—8 and 16 (all cis
isomers) were found to be in the range of 6 5.69—5.74, while
for compounds 11 and 13 (both trans isomers), they were
found to be in the range of 0 5.38—5.71.

The *'P NMR spectra of all of the compounds exclud-
ing 5 (which belong to an AB, spin system) were identified
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Figure 5. X-ray crystal structure of compound 8 (phenyl hydrogen atoms
have been omitted for clarity). Selected bond lengths (A) and angles (deg):
S1-01 1.427(4), SI—N3 1.552(5), SI—C1 1.766(5), P1—N2 1.562(5), P1—
02 1.567(4), 02—C7 1.445(7), C7—C8 1.465(9), C8—C9 1.297(9); O1—S1—
N3 111.9(2), N3—S1—N1 113.7(2), O2—P1-03 104.8(2), N2—P1—NI1
116.0(2).

Figure 6. X-ray crystal structure of compound 11 (only double-bond
hydrogen atoms have been shown for clarity). Selected bond lengths (A)
and angles (deg): P1—NI1 1.601(2), P1—C13 1.808(3), P2—02 1.580(2),
02—C7 1.445(4), C7T—C8 1.505(5), C8—C9 1.506(5), C9—C10 1.299(5);
NI1-P1—N3 117.2(1), C19—P1—-C13 104.6(1), O2—P2—01 100.2(1),
N3—P3—N2 117.5(1), C3—C2—C1 112.5(3), C4—C3—C2 125.3(4),
C3—C4—C5 125.4(4).

to fit into a simple AX; spin system. A comparison of the
*'P NMR data of the allyloxy derivative 1—4 with the
spirocyclic products 5—8 indicates that, upon ring for-
mation, there is a systematic downfield shift in the ¢
values to the extent of d 4—35. In contrast, no significant
changes in the *'P NMR chemical shifts were observed in
a comparison of the acyclic homoallyloxy derivatives
with their cyclized products. *'P NMR and mass spectral
studies also helped in the identification of dibino com-
pounds 12, 14, and 17, which has been discussed above.
X-ray Structures of Compounds 5—8, 11, 13, and 16. The
crystal structures of compounds 5, 7, 8, 11, and 13 are
given in Figures 3—7, and those of compounds 6 and 16
are given in the Supporting Information. Crystallo-
graphic data, data collection parameters, and tables of
bond lengths and angles for compounds 5—8, 11, 13, and
16 are given in the Supporting Information. The phos-
phazene ring was found to be almost planar in 5 because
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Figure 7. X-ray crystal structure of compound 13 (only double-bond
hydrogen atoms have been shown for clarity). Selected bond lengths (A)
and angles (deg): S1—0O1 1.434(3), SI—N3 1.544(4), S1—C13 1.780(4),
P1-02 1.567(4), P1—N2 1.575(4), PI—N1 1.591(4), C3—C4 1.292(7),
C4—C5 1.497(7), C5—C6 1.499(7); O1—S1—N3 111.8(2), N3—S1—N1
114.5(2), O1-S1—C13 105.8(2), O3—P1—-04 102.4(2), N2—P1—NI
116.7(2), S1I-NI—P1 123.5(2), CI—-C2—C3 114.0(4), C4—C3—C2
127.8(5), C4—C5—C6 113.0(4).

the phosphorus atom bearing the gem-diphenyl group and
the opposite ring nitrogen atom do not deviate significantly
from the mean plane defined by the other four atoms of the
phosphazene ring. The conformation of the N3P5 ring of 6
was more like a half-chair because the P1 and N2 atoms are
deviating from the mean plane defined by the other four
atoms by —0.318(1) and +0.017(4) A, respectively. The half-
chair conformation of 6 was also supported by the fact that
the angle between the mean planes through N1—P2—P3—
N3 and N3—P1—NI1 is 22.4(2)°, whereas the analogous
angle between the mean planes through N1—P2—P3—N3
and P3—N2—P2 is only 1.4(2)°. In compound 8, the thion-
ylphosphazene ring was found to be in a boat confor-
mation because the S1 and N2 atoms are deviating from
the mean plane defined by the other four atoms by —0.217(1)
and —0.102(5) A, respectively. In contrast, the N4P, ring of
compound 7 was found to be tub-shaped. The seven-mem-
bered spirocyclic rings in compounds 5—8 were found to be
significantly puckered because the angle between the mean
planes through the four carbon atoms of the spiro rings
(which are in same plane) and the other three atoms of the
same spiro ring (i.e., one phosphorus and two oxygen atoms)
are found to be in the range of 34.2(2)—40.9(2)°. All of the
spirocyclic compounds were found to have the cis config-
uration around the double bonds.

In contrast to the spirocyclic compound 5, where the
phosphazene ring was almost planar, the phosphazene
ring of the ansa compound 11 was found to be in a half-
chair conformation because the phosphorus atom bear-
ing the gem-diphenyl group and the opposite nitrogen
atom N2 were deviating from the mean plane defined by
the other four atoms by —0.205(1) and —0.013(4) A,
respectively. Additional support for this conformation
was obtained from the fact that the angle between the
mean planes through N1—P2—P3—N3 and N3—PI—NI1
is 14.7(1)°, while the angle between the mean planes
through N1—P2—P3—N3 and P3—N2—P2is 1.0(2)°. Un-
like the two gem-diphenylphosphazene compounds 5 and
11, the S-phenylthionylphosphazene 13 was found to
have the N;P,S ring in a boat conformation similar to
its dispiro compound 8. In compound 13, S1 and N2 were

Inorganic Chemistry, Vol. 50, No. 1, 2011 257

found to be deviating from the mean plane defined by the
other four atoms by —0.197(1) and —0.100(4) A, respec-
tively. In both compounds 11 and 13, the 11-membered
ansa rings were found to be significantly puckered. Both
diansa compounds 11 and 13 were found to have trans
configuration around the double bond. Unlike the spiro
compounds 4—8, the two C=C bond distances of the ansa
compounds varied significantly. They were found to be
1.321(6) and 1.299(6) A for compound 11 and 1.294(7)
and 1.225(9) A for compound 13.

Similar to the spiro compound 5, the phosphazene ring
was found to be in an almost planar geometry in 16 because
the phosphorus atom bearing the gem-diphenyl group and
the opposite ring nitrogen atoms do not deviate significantly
from the mean plane defined by the other four atoms of the
phosphazene rings. The nine-membered spiro ring is once
again significantly puckered, and the configuration around
the double bond was found to be cis, which is in agreement
with compounds 5—8.

Experimental Procedures

Preparation of (NPPh,)[(CH,=CHCH,0),PN], (1). Allyl alco-
hol (0.34 mL, 4.98 mmol) was dissolved in 10 mL of tetrahydrofuran
(THF) and added to a suspension of NaH (0.22 g, 4.98 mmol) in
20 mL of THF. After the resulting suspension was stirred for 1 h at
room temperature, a solution of N3P;Cl4Ph, (0.50 g, 1.16 mmol) in
10 mL of THF was added to it. The resulting mixture was stirred at
room temperature for 24 h, before refluxing for 6 h. The reaction
was monitored using thin-layer chromatography and *'P NMR
spectroscopy. Afterward, the solvent was removed under vacuum
and the resulting crude product chromatographed on an acidic
alumina column and eluted with a hexane/ethyl acetate mixture.
Compound 1 came out as a yellowish viscous liquid while using a
5% ethyl acetate/hexane mixture as the eluent. Yield: 0.48 g (80%).
IR (v,cm ™ "): 3080 w, 2993 w, 1647 w, 1432m, 1210 vs, 1112 m, 1025
vs. '"H NMR: 6 7.80—7.87 (m, 4H, C¢Hs), 7.26—7.46 (m, 6H,
CgHs), 5.840—5.96 (m, 4H, =CH-), 5.25 [d (/ = 17 Hz), 4H,
trans —CH=CH,], 5.11 [d (J = 10.5 Hz), 4H, cis —CH=CH,),
4.41-4.42 (m, 8H, —CH,—). *C{'H} NMR: 6 136.63, 130.83,
130.31, 127.99 [PhC], 133.23 [=CH—], 116.76 [=CH,], 66.15
[—CH>—]. *'P{'"H} NMR: 6 21.17 [t (/ = 34 Hz), P(C¢Hs),],
1595 [d (J/ = 34 Hz), P(OCH,CH=CH,),]. MS (ES) [m/e
(species)]: 518.18 [M + 1]".

Preparation of (NPPh,)[NP(OCH,CH=CHCH,0)], (5).
Compound 1 (0.50 g, 0.96 mmol) was dissolved in 20 mL of
dry dichloromethane and transferred to a 100 mL flask (covered
with aluminum foil) containing the Grubbs first-generation
catalyst (80 mg, 0.09 mmol, 10 mol %) dissolved in 20 mL of
dichloromethane. An additional 40 mL of dichloromethane was
added to the same flask, and the resulting solution was refluxed
for about 8 h. The reaction was monitored using thin-layer
chromatography and *'P NMR spectroscopy. Afterward, the
solvent was removed under vacuum and the resulting crude
product chromatographed on an acidic alumina column and
eluted with a hexane/ethyl acetate mixture. The dispirocyclic
compound 5 came out as a white crystalline solid while using a
25% ethyl acetate/hexane mixture as the eluent. Yield: 0.27 g
(60%). Mp: 155—158 °C. IR (v, cm™"): 3042 w, 2924 5, 2874 m,
1736 w, 1591 w, 1458 m, 1231 vs, 1070 vs. "H NMR (CDCl;,
ppm): 6 7.76—7.83 (m, 4H, C¢Hs), 7.26—7.46 ﬁm, 6H, C¢Hs),
5.72(s,4H,=CH), 4.67—4.73 (m, 8H, —CH,—). *C{'H} NMR:
0 136.19, 130.94, 130.57, 128.10 [PhC], 127.16 [-CH=], 62.85
[—CH,—]. *'P{'"H} NMR: 6 22.4 [t (J/ = 35 Hz), P(C¢Hs),],
20.62 [d (J = 3 4.6 Hz), spirocyclic P]. MS (ES) [m/e (species)]:
462.09 [M + 117, Anal. Calcd for C,0H2,N304P5: C, 52.07; H,
4.81; N, 9.11. Found: C, 51.29; H, 4.97; N, 9.08.
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Preparation of [(CH,=CHCH,0),PN]; (2). The reaction of
allyl alcohol (3.13 mL, 46.02 mmol), NaH (2.00 g, 46.02 mmol),
and N3P;Clg (2.00 g, 5.75 mmol) was carried out and worked up
in a manner similar to that of compound 1, with stirring at room
temperature for 24 h followed by refluxing for 8§ h. Compound 2
came out as a yellowish viscous liquid while using a 3% ethyl
acetate/hexane mixture as the eluent. Yield: 2.10 g (78%). IR (v,
cm ™ 1): 3085 s, 2935 s, 2879 s, 2734 w, 2879 s, 2073 w, 1954 m,
1875m, 1648 s, 1457 s,1419s, 13661 m, 1228 vs, 1160 m, 1028 vs.
"H NMR (CDCls, ppm): 6 5.88—6.00 (m, 6H, =CH—), 5.34 [d
(J = 17 Hz), 6H, trans —CH=CH,], 5.19[d (/ = 10.5 Hz), 6H,
cis —CH=CH,], 4.46 (s, 12H, —CH»—). *C{'H} NMR: ¢
132.86 [=CH—], 116.82 [CH,=], 66.18 [—~CH,—]. *'P{'H}
NMR: 9 17.85 [s, P(OCH,CH=CH,),]. MS (ES) [m/e (species)]:
478.10[M + 1],

Preparation of N3P3;(OCH,CH=CHCH,0); (6). The reaction
of 2 (0.65 g, 1.46 mmol) and the Grubbs first-generation catalyst
(0.24 g, 0.29 mmol, 20 mol %) was carried out and worked up in a
manner similar to that of compound 5 with refluxing for 12 h.
Trispirocyclic compound 6 came out as a white crystalline solid
while using a 45% ethyl acetate/hexane mixture as the eluent. Yield:
0.35 g2 (65%). Mp (dec): 135—138 °C. IR (v,cm ™ '): 3036 w, 2958 m,
2925 m, 2877 m, 2360 w, 2104 w, 1734 m, 1628 m, 1461 s, 1244 vs,
1047 vs, 1007 s. '"H NMR (CDCls, ppm): 6 5.74 (s, 6H, =CH),
4.71-4.73 (m, 12H, —CH,—). "*C{'H} NMR: 6 127.00 [~ CH=],
63.14 [—CH,—].*'"P{"H} NMR: 6 22.99 [s, spiro P]. MS (ES) [m/e
(species)]: 394.02 [M + 1]7. Anal. Caled for C;,H gsN3O6P;: C,
36.65; H, 4.61; N, 10.69. Found: C, 37.10; H, 4.65; N, 10.41.

Preparation of [(CH,=CHCH,0),PN],4 (3). The reaction of
allyl alcohol (1.46 mL, 21.57 mmol), NaH (0.94 g, 21.57 mmol),
and N4P,4Clg (1.00 g, 2.15 mmol) was carried out and worked up
in a manner similar to that of compound 1, stirring at room
temperature for 24 h followed by refluxing for 6 h. Compound 3
came out as a yellowish viscous liquid while using a 2% ethyl
acetate/hexane mixture as the eluent. Yield: 1.00 g (73%). IR (v,
em™1): 3084 m, 2934 m, 2879 m, 2362 w, 1868 w, 1647 m, 1456 m,
13255, 11025, 1030 vs. "H NMR (CDCls, ppm): 6 5.87—6.00 (m,
6H,=CH—),5.31[d(J = 17Hz), 8H, trans —-CH=CH,], 5.16[d
(J = 10.2 Hz), 8H, cis —CH=CH,], 4.47 (s, 16H, —CH,—).
BC{'H} NMR: 6 133.77 [=CH-], 116.72 [=CH,], 66.84
[—CH,—]. *'P{'"H} NMR: 6 0.41 [s, (OCH,CH=CH,),]. MS
(ES) [m/e (species)]: 637.17 [M + 1]*.

Preparation of N4P,(OCH,CH=CHCH,0), (7). The reaction
of 3 (0.50 g, 0.78 mmol) and the Grubbs first-generation catalyst
(0.16 g, 0.19 mmol, 25 mol %) was carried out and worked up in a
manner similar to that of compound 5 with refluxing carried out for
14 h. Tetraspirocyclic compound 7 came out as a white crystalline
solid while using a 55% ethyl acetate/hexane mixture as the eluent.
Yield: 0.30 g (73%). Mp: 165—168 °C. IR (v,cm ™ '): 3036 m, 2922 s,
28665, 1947 w, 1731 m, 1454m, 1323 s, 1259 vs, 1220 w, 1042 vs. 'H
NMR (CDCls, ppm): 6 5.69 (s, 8H,=CH), 4.62 (m, 16H, —CH,—).
BC{'H} NMR: § 127.42 [-CH=], 63.32 [-CH,—]. *'P{'H}
NMR: 6 7.16 [s, spiro P]. MS (ES) [m/e (species)]: 525.08
[M + 1]". Anal. Caled for C¢H,4N4OgP4: C, 36.65; H, 4.61; N,
10.69. Found: C, 36.82; H, 4.53; N, 10.65.

Preparation of [PhS(O)N][(CH,=CHCH,0),PN], (4). The reac-
tion of allyl alcohol (1.01 mL, 14.80 mmol), NaH (0.65 g, 14.80
mmol), and S-phenylthionylphosphazene (NS(O)Ph)(NPCl,),
(1.10 g, 2.96 mmol) was carried out and worked up in a manner
similar to that of compound 1, with stirring at room temperature for
24 h. Compound 4 came out as a yellow viscous liquid, while using a
8% ethyl acetate/hexane mixture as the eluent. Yield: 1.10 g (89%).
IR (v,cm ™ 1): 3083 m, 2930 s, 2357 m, 2108 w, 1887 w, 1741 w, 1647
m, 1454 m, 1367 w, 1234 vs, 1178 s, 1100 vs, 1026 vs. '"H NMR
(CDCl;, ppm): 0 7.91—7.95 (m, 2H, C¢Hs), 7.41—7.48 (m, 3H,
CeHs), 5.87—6.00 [m, 2H, =CH— (toward S=0)], 5.68—5.85 [m,
2H,=CH-— (toward Ph)], 5.39[d (J = 17 Hz), 2H, trans CH,=—CH—
(toward S=0)], 525 [d (/ = 9.6 Hz), 2H, cis CH,=CH-—
(toward S=0)], 4.87—5.26 [m, 4H, CH,= (toward Ph)], 4.57 [s,
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4H, —CH,— (toward S=0)], 4.40 [s, 4H, —CH,— (toward Ph)].
BC{'H} NMR: ¢ 146.55, 131.46, 128.58, 125.09 [PhC], 132.21
[=CH-], 118.00 and 118.27 [CH,=], 67.54 [-CH,—]. *'P{'H}
NMR: ¢ 11.37 [s, P(OCH,CH=CH,),]. MS (ES) [m/e (species)]:
458.08 [M + 17",

Preparation of (NS(O)Ph)[NP(OCH,CH=CHCH,O)], (8).
The reaction of 4 (0.80 g, 1.74 mmol) and the Grubbs first-
generation catalyst (0.14 g, 0.014 mmol, 10 mol %) was carried out
and worked up in a manner similar to that of compound 5, with
refluxing for 8 h. The dispirocyclic compound 8 came out as a white
crystalline solid while using a 20% ethyl acetate/hexane mixture as
the eluent. Yield: 0.40 g (60%). Mp: 123—125°C. IR (v,cm ™ ): 2926
m, 2356 w, 1731 w, 1634 w, 1453 s, 1253 vs, 1181 vs, 1077 s, 1039 vs,
1001 vs. "H NMR (CDCls, ppm): & 7.90—7.93 (m, 2H, C¢Hs),
7.41-7.50 (m, 3H, C¢Hs), 5.74 (s, 4H, =CH), 4.54—4.93 (m,
8H, —CH,—). “C{'H} NMR: ¢ 146.52, 131.37, 128.61, 125.06
LPhC], 127.04 and 126.31 [—CH=], 63.63 and 63.90 [—CH,—].
SIP{'HY NMR: 0 17.12 [s, spiro P]. MS (ES) [m/e (species)]: 402.04
[M + 1]+ Anal. Calcd for C20H22N304P3: C, 4190, H, 427, N,
10.47. Found: C, 42.30; H, 4.84; N, 10.02.

Preparation of (NPPh,)[NP(OCH,CH,CH=CH,),], (9). The
reaction of homoallyl alcohol (1.49 mL, 17.40 mmol), NaH
(0.76 g, 17.40 mmol), and N3P;Cl4Ph, (1.50 g, 3.48 mmol) was
carried out and worked up in a manner similar to that of
compound 1, with stirring at room temperature for 24 h.
Compound 9 came out as a yellowish viscous liquid while using
a 2% ethyl acetate/hexane mixture as the eluent. Yield: 1.40 g
(70%). IR (v,cm ™ '): 30755, 2954 5, 2895 s, 1908 w, 1834 w, 1641
s, 1593 w, 1474 s, 1436's, 1384 m, 1207 vs, 1122 vs, 1026 vs. 'H
NMR (CDCl;, ppm): 6 7.80—7.87 (m, 4H, CsHs), 7.34—7.46 (m,
6H, C¢Hs), 5.66—5.80 (m, 4H, =CH—), 4.98—5.05 (m, 8H,
=CH,], 3.85—3.97 (m, 8H, —OCH,—), 2.36 [q (/ = 6.9 Hz),
8H, —CH,—]. *C{'H} NMR: 6 136.97, 130.88, 130.49, 128.08
[PhC], 134.08 [=CH—], 116.88 [=CH,], 64.82 [-OCH,—], 34.57
[—CH,]. *'P{'"H} NMR: 6 20.87 [t (J = 33.65 Hz), P(C¢H5s)],
15.54[d (J = 33.65Hz), P(OCH,CH,CH=CH,),]. MS (ES) [m/
e (species)]: 574.21 [M + 1]".

Preparation of (NS(O)Ph)[NP(OCH,CH,CH=CH,),], (10).
The reaction of homoallyl alcohol (1.52 mL, 17.80 mmol), NaH
(0.85 g, 17.80 mmol), and S-phenylthionylphosphazene (NS(O)Ph)-
(NPCL,), (1.10 g, 2.96 mmol) was carried out and worked up in a
manner similar to that of compound 1, with stirring at room
temperature for 24 h. Compound 10 came out as a yellow viscous
liquid while using a 3% ethyl acetate/hexane mixture as the eluent.
Yield: 0.85 g (56%). IR (v, cm ™ 1): 3076 m, 2960 s, 2925 s, 2856 m,
1731w, 1641 m, 1471 m, 1439 m, 1234 vs, 1180 vs, 1024 vs. '"H NMR
(CDCls, ppm): 6 7.91-7.95 (m, 2H, C¢Hs), 7.40—7.51 (m, 3H,
Cg¢Hs), 5.72—5.88 [m, 2H, =CH— (toward S=0)], 5.60—5.72 [m,
2H, =CH— (toward Ph)], 5.01—5.18 (m, 8H, CH,=), 4.02—4.16
[m, 4H, —OCH,— (toward S=O) |, 3.87—3.94 [m, 4H, —OCH,—
(toward Ph)], 2.48 [q (J/ = 6.6 Hz), 4H, —CH,— (toward S=0)],
2.33[q (J = 6.6 Hz), 4H, —CH,— (toward Ph)]. "C{'H} NMR: ¢
146.45, 131.36, 128.53, 125.09 [PhC], 133.44 and 133.32 [=CH—],
117.50 and 117.61 [=CH,], 66.07 and 66.11 [-OCH,—], 34.28
[—CH,]. *'P{'H} NMR: 6 10.93 [s, P(OCH,CH,CH=CH,),].
MS (ES) [m/e (species)]: 514.16 [M + 1]".

Reaction of Compound 9 with 10 mol % of the Grubbs First-
Generation Catalyst. The reaction of 9 (0.50 g, 0.87 mmol) and
the Grubbs first-generation catalyst (71 mg, 0.08 mmol, 10 mol
%) was carried out and worked up in a manner similar to that of
compound 5, with refluxing for 10 h. The diansa compound
NPPh,[NP(OCH,CH,CH=CHCH,CH,0)], (11) came out as a
white crystalline solid while using a 5% ethyl acetate/hexane
mixture as the eluent. Yield: 0.11 g (24%). IR (v, cm™'): 3046 m,
2956's,2901 s, 1730 m, 1596 w, 1436's, 1222 vs, 1124 s, 1070 vs,
1038 vs, 1003 vs. "H NMR (CDCls, ppm): 6 7.86—7.93 (m, 4H,
Cg¢Hs), 7.44 (m, 6H, C4Hs), 5.34—5.38 (s, 4H, =CH), 4.04—4.06
(m,8H, —OCH,—),2.25(s,4H, —CH,—), 2.14 (s, 4H, —CH,—).
BC{'H} NMR: ¢ 137.05, 130.94, 130.65, 128.14 [PhC], 129.85
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[—~CH=], 66.16 [-OCH,—], 33.44 [-CH,—]. *'P{'"H} NMR:
22.15[t(J = 80 Hz), P(C¢Hs),], 15.46 [d (J = 81 Hz), ansacyclic
P]. MS (ES) [m/e (species)]: 518.16 [M + 1]*. Anal. Calcd for
C,4H30N;04P5: C, 55.71; H, 5.84; N, 8.12. Found: C, 55.80; H,
5.69; N, 8.11. Further elution with a 36% ethyl acetate/hexane
mixture gave the second fraction, which came out as a sticky
solid and was characterized as a cis/trans mixture of the
ansa—dibino—ansa compound 12. Yield: 0.10 g (22%). IR (v,
cmfl): 2925 s, 2855 s, 2355 w, 1729 m, 1633 m, 1438 s, 1380 s,
1210 vs, 1124 s, 1021 vs. "H NMR (CDCls, ppm): 0 7.81—7.85
(m, 8H, C4Hs), 7.41 (m, 12H, C¢Hs), 5.39 (s, 4H, ansa =CH),
4.96—5.14 (m, 4H, dibino =CH), 4.04—4.15 (m, 8H, —OCH,—),
3.77-3.96 (m, 8H, —OCH,—), 2.22 (s, 16H, —CH,—). *'P{'H}
NMR: ¢ 21.34 [t (J = 82 Hz), P(C¢Hs),], 15.86 [d (J = 83 Hz),
ansa—bino P]. MS (ES) [m/e (species)]: 1035.11 [M + 1]*.
Reaction of Compound 10 with 10 mol % of the Grubbs First-
Generation Catalyst. The reaction of 10 (0.65 g, 1.26 mmol) and
the Grubbs first-generation catalyst (0.11 g, 0.012 mmol, 10 mol %)
was carried out and worked up in a manner similar to that of
compound 5, with refluxing for 10 h. The disansa compound 13
came out as a white crystalline solid while using a 10% ethyl acetate/
hexane mixture as the eluent. Yield: 0.11 g (19%). IR (v, cm™'):
2959 m, 2908 m, 2852 w, 2361 s, 1736 w, 1643 w, 1468 m, 1436 m,
1382 m, 1257 vs, 1230 vs, 1178 vs, 1128 m, 1043 vs. '"H NMR
(CDCls, ppm): 0 8.01—8.04 (m, 2H, C¢Hs), 7.46—7.49 (m, 3H,
CgHs), 571 [t (J = 3.8 Hz), 2H, =CH (toward S=0)], 5.35[t (J =
3.9 Hz), 2H, =CH (toward Ph)], 4.37—4.43 (m, 2H, —OCH,—),
4.17—4.20 (m, 2H, —OCH,—), 4.05—4.10 (m, 2H, —OCH,—),
3.83—3.88 (m, 2H, —OCH,—), 2.35-2.37 (m, 4H, —CH,—),
2.14—2.29 (m, 4H, —CH,—). “C{'"H} NMR: & 146.57, 131.38,
128.49, 125.34 [PhC1, 130.14 and 129.87 [-CH=], 68.38 and 66.77
[~OCH,—], 33.35 and 33.07 [-CH,—]. *'P{"H} NMR: 6 10.85 (s,
ansa P). MS (ES) [m/e (species)]: 458.11 [M + 1]*. Anal. Calcd for
C1gH,sN305P,S: C, 47.26; H, 5.51; N, 9.19. Found: C, 47.41; H,
5.32; N, 9.41. Further elution with a 30% ethyl acetate/hexane
mixture gave the second fraction, which came out as a sticky solid
and was characterized as a cis/trans isomer mixture of intermole-
cular compound, i.e., ansa—dibino—ansa compound 14. Yield: 0.11 g
(19%). '"H NMR (CDCl;, ppm): 6 7.91-7.93 (m, 4H, C4Hs),
7.48—7.51 (m, 6H, C¢Hs), 5.67 (s, 4H, ansa =CH), 5.12—5.43 (m,
4H, dibino =CH), 4.33—4.36 (m, 4H, —OCH,—), 4.17—4.22 (m,
4H, —OCH,—), 3.73—3.85 (m, 8H, —OCH,—), 2.30—2.35 (m,
8H, —CH,—), 2.18—224 (m, 8H, —CH,—). *'P{'H} NMR: o
11.01 (s, ansa—bino P). MS (ES) [m/e (species)]: 915.00 [M + 1]*.
Preparation of (NPPh,),[NP(OCH,CH,CH=CH,)CI] and
(NPPh,),[NP(OCH,CH,CH=CH,),] (15). The reaction of
homoallyl alcohol (0.60 mL, 6.99 mmol), NaH (0.34 g, 6.99 mmol),
and N;3P;ClLPhy (1.20 g, 2.33 mmol) was carried out and worked up
in a manner similar to that of compound 1, with stirring at room
temperature for 24 h followed by refluxing for 24 h. The first
fraction, which came out while using a 1% ethyl acetate/hexane
mixture as the eluent, was identified as (NNPPh,),[NP(OCH,-
CH,CH=CH,)CI]. Yield: 0.40 g (31%). Mp: 85—88 °C. IR (v,
em1): 3056 5, 2955 s, 2362 m, 1965 w, 1897 w, 1821 w, 1643 s, 1586
w, 1479 s, 1436 s, 1384 m, 1217 vs, 1121 vs, 1034 vs. '"H NMR
(CDCls, ppm): 6 7.73—7.84 (m, 8H, C¢Hs), 7.32—7.46 (m, 12H,
Ce¢Hs), 5.70—5.80 (m, 1H, =CH—), 4.99—5.09 (m, 2H, =CH,),
420 [q (J/ = 6.9 Hz), 2H, —OCH,—], 246 [q (/ = 6.9 Hz),
2H, —CH,—)]. “C{'H} NMR: ¢ 136.20, 130.89, 130.46, 127.97
[PhC], 133.42 [=CH—], 117.23 [=CHj,], 66.12 [-OCH,—], 34.07
[—CH,]. *'P{'"H} NMR: 6 20.01 [d (J/ = 18.83 Hz), P(C¢Hs)],
17.84 [t (J = 18.83 Hz), P(OCH,CH,CH=CH,)ClI]. MS (ES) [m/e
(species)]: 550.14 [M + 1]". Anal. Caled for CogH»7CIN;OP5: C,
61.16; H, 4.95; N, 7.64. Found: C, 60.88; H, 4.98; N, 8.08. Further
elution with the same 1% ethyl acetate/hexane mixture as the eluent
gave the second fraction, which was identified as 15. Yield: 0.51 g
(37%). Mp: 95—98 °C. IR (v,cm ™ 1): 3052’5, 2957 s, 1897 w, 1823 w,
16435, 1478 s, 14355, 1385m, 1201 vs, 1121 vs, 1067 vs, 1028 vs. 'H
NMR (CDCl;, ppm): 6 7.78—7.85 (m, 8H, C¢Hs), 7.34—7.40 (m,
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12H, C¢Hs), 5.58—5.71 (m, 2H, =CH-), 491—4.96 (m, 4H,
=CH,), 3.82 [q (/ = 7.4 Hz), 4H, —OCH,>—], 229 [q (J = 6.9
Hz), 4H, —CH,—)]. “C{'H} NMR: § 137.57, 130.59, 130.56,
127.97 [PhC], 134.24 [=CH—], 116.66 [=CH,], 64.52 [-OCH,—],
34.58 [—CH,]. *'P{'H} NMR: ¢ 2030 [d (J = 24.05 Hz),
P(CgHs)o], 10.57 [t (J = 24.54 Hz), P(OCH,CH,CH=CH,),].
MS (ES) [m/e (species)]: 586.21 [M + 1]7. Anal. Calcd for
C3,H3uN3;OP5: C, 65.64; H, 5.85; N, 7.18. Found: C, 65.69; H,
5.84; N, 7.60.

Reaction of Compound 15 with 5 mol % of the Grubbs First-
Generation Catalyst. The reaction of 15 (0.54 g, 0.92 mmol) and the
Grubbs first-generation catalyst (38 mg, 0.04 mmol, 5 mol %) was
carried out and worked up in a manner similar to that of compound
5, with refluxing for 8 h. The monospiro compound 16 came out asa
white crystalline solid while using a 2% ethyl acetate/hexane mixture
as the eluent. Yield: 0.11 g (23%). Mp: 190—192 °C. IR (v, cm ™ '):
3049s, 3013 s,2952's,2903 s, 2850 m, 2706 w, 1962 m, 1897 m, 1818
m, 1771 w, 1737 w, 1660 w, 1586 w, 1479 s, 1437 s, 1220 vs, 1071 vs,
1037 vs. '"H NMR (CDCls, ppm): 6 7.74—7.81 (m, 8H, C¢Hs),
7.32—7.37 (m, 12H, CeHs), 5.76 [t (J = 5.55 Hz), 2H, =CH],
4.11-4.19 (m, 4H, —OCH,—), 2.47—2.48 (m, 4H, —CH,—). "*C-
{'"H} NMR: ¢ 137.73, 130.66, 130.58, 127.90 [PhC], 129.50
[—CH=], 64.65 [~OCH,—], 28.62 [-CH,—]. *'P{'H} NMR: 6
19.70[d (J = 26.48 Hz), P(CsHs),], 9.12[t (J = 26.60 Hz), spiro P].
MS (ES) [m/e (species)]: 558.11 [M + 1]*. Anal. Caled for
C30H30N30,P5: C, 64.63; H, 5.42; N, 7.54. Found: C, 64.46; H,
5.62; N, 7.48. Further elution with a 14% ethyl acetate/hexane
mixture as the eluent gave the second fraction, which was identified
as geminal dibino-substituted dimeric compound [NPPh,],[NP-
(OCH,CH, CH=CHCH,CH,0),PN][NPPh,], (17). Yield: 0.19 g
(40%). IR (v, cm™"): 2924 vs, 2854 s, 1740 m, 1461 m, 1437 s, 1200
vs, 11205, 1067 s, 1017 s. '"H NMR (CDCls, ppm): 6 7.79—7.85 (m,
16H, C4Hs), 7.33—7.36 (m, 24H, C¢Hs), 5.53 (m, 2H, =CH), 5.49 (m,
2H, =CH), 3.83—3.86 (m, 8H, —OCH,—), 2.26 (s, 8H, —CH,—).
SIP'HY NMR: 620.02[d (J = 25.03 Hz), P(CeHs),], 19.97[d (J =
24.78 Hz), P(CgHs),], 10.15 [t (J = 24.66 Hz), spiro—dibino—spiro
P, 9.88 [t (J/ = 24.66 Hz), spiro—dibino—spiro P]. MS (ES) [m/e
(species)]: 1115.20 [M + 1]*.

Reaction of Compound 15 with 5 mol % of the Grubbs Second-
Generation Catalyst. Compound 15 (0.30 g, 0.51 mmol) was
dissolved in 10 mL of dry dichloromethane and transferred to a
100 mL flask containing the Grubbs second-generation catalyst
(22 mg, 2.56 x 10~2 mmol, 5 mol %) dissolved in 10 mL of
dichloromethane. An additional 20 mL of dichloromethane was
added to the same flask, and the resulting solution was refluxed
for 12 h. The reaction was monitored with thin-layer chroma-
tography and 3'P NMR spectroscopy. Afterward, the solvent
was removed under vacuum and the resulting crude product
chromatographed on an acidic alumina column and eluted with
a hexane/ethyl acetate mixture. The monospiro compound 16
came out as a white crystalline solid while using a 3% ethyl
acetate/hexane mixture as the eluent. Yield: 80 mg (28%).
Further elution with a 20% ethyl acetate/hexane mixture as
the eluent gave the second fraction, which was identified as
geminal dibino-substituted dimeric compound 17. Yield: 0.14 g
(49%).

Reaction of Compound 17 with 10 mol % of a Grubbs Second-
Generation Catalyst. Compound 17 (66 mg, 5.91 x 102 mmol)
was dissolved in 10 mL of dry dichloromethane and transferred
to a 100 mL flask containing the Grubbs second generation
catalyst (5mg, 5.91 x 1073 mmol, 10 mol %) dissolved in 10 mL
of dichloromethane. An additional 10 mL of dichloromethane
was added to the same flask, and the resulting solution was
refluxed for 4 h. The reaction was monitored with thin-layer
chromatography and *'P NMR spectroscopy. Afterward, the
solvent was removed under vacuum and the resulting crude
product chromatographed on an acidic alumina column using a
hexane/ethyl acetate mixture. The monospiro compound 16
came out as a white crystalline solid while using a 4% ethyl
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acetate/hexane mixture. Yield: 17 mg (26%). Further elution
with a 20% ethyl acetate/hexane mixture gave the second
fraction, which was identified as a cis/trans isomer mixture of
starting compound 17. Yield: 38 mg (58%).

Conclusion

The first examples of RCM reactions on allyloxy- and
homoallyloxy-substituted cyclophosphazenes and S-phen-
ylthionylphosphazenes has been carried out. The metathesis
reactions proceed readily in the presence of the Grubbs first-
generation catalyst, resulting in ring-closed cycloalkene pro-
ducts. Multi-allyloxy-substituted trimeric and tetrameric cyclo-
phosphazenes as well as thionylphosphazenes have been found
to exclusively form seven-membered spirocyclic products upon
RCM. Interestingly, upon replacement of all of the allyloxy
groups on diphenyltetrakis(allyloxy)cyclophosphazene and
S-phenylthionylphosphazene by homoallyloxy units, a ten-
dency to form intramolecular ansa and intermolecular ansa—
dibino—ansa ring-closed metathesis products was observed.
Structural studies on the new spiro and ansa cycloalkene
compounds indicated that the alkene double bonds in the spiro
derivatives are in the cis orientation, while those present on the
ansa-substituted derivatives are in the trans orientation. The 18-
membered geminal dibino-substituted dimeric compound 17,
obtained as the major product in the RCM of (NPPh,),[NP-
(OCH,CH,CH=CH,),] upon reaction with the Grubbs sec-
ond-generation catalyst was found to undergo a novel ROM
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reaction, converting partially to the nine-membered spirocyclic
compound [NPPh,],[NP(OCH,CH,CH=CHCH,CH,0)] as
well as undergoing secondary metathesis reactions, leading to a
higher E/Z ratio. The study opens up a fresh avenue in the ansa,
spiro, and bino substitution reactions of cyclophosphazenes,
and we are currently exploring the utility of ring closing and
ROM reactions in the design of novel alkene-derived cyclophos-
phazene derivatives and the use of such compounds as cross-
linking units in polymer synthesis.
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