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Figure 2. orRTEP plot for TpMo(CO);Br: Mo-C1 = 1.989 (7) A,
Mo-C2 = 1.957 (7) A, Mo—C3 = 2.000 (8) A, Mo-Br = 2.6546 (9)
A, Mo-N = 2,213 (5)-2.231 (5) A; Br-Mo-C1 = 76.0 (2)°, Br-
Mo-C2 = 118.5 (2)°, Br—-Mo-C3 = 73.2 (2)°, C1-Mo-C2 = 71.7
(3)°, C1-Mo-C3 = 107.0 (3)°, C2-Mo—-C3 = 68.5 (8)°.

resented in eq 1 and 2 are unprecedented in CpMo(CO)3;R
chemistry.181°

The n*-acetyl complex 3 readily forms adducts with
phosphines and phosphites (eq 3). The crystal structure

TpMo(CO)g(nQ-COMe) +L—

TpMo(CO)(L)(n-COMe) + CO (3)
[

of the adduct 7 (L. = (MeO);P) has been determined.?
The Mo—C(acyl) and Mo—-O(acyl) distances in 7 are each
about 0.02 A shorter than in 8 which suggests that back-
bonding from Mo to the 7* orbital of the n*~COR moiety
is an important factor in the bonding.

Since it is unlikely that a Mo—O bond in 3 or 5 is con-
siderably stronger than this bond in the unknown
CpMo(CO),(n>-COMe), we are left with the question: why
is M(n*-COR) more stable than M(CO)(s-R) in the TpMo
complexes whereas the reverse stability is evident for the
corresponding CpMo complexes?

We suggest that the n*acyl isomers are stabilized in the
Tp complexes by a combination of steric and electronic
effects that strongly favor octahedral coordination in
TpMo complexes. The cone angle of the Tp ligand is near
180°, discouraging high coordination numbers, and the
localized N;—Mo bonding in the TpMo fragment
“hybridizes” the fragment MO’s into an octahedral array
more efficiently than does the diffuse Cs;~Mo bonding in
the CpMo fragment.? If the n-COR group is considered
to occupy one coordination site, then an isomerization, e.g.,
2 — 3 or 4 — 5, lowers the coordination number from seven
to six, relieves steric congestion, and allows for a quais-
octahedral structure about the metal.?
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The importance of steric factors in facilitating decar-
bonylation finds support in the facile formation of the
w-allyl complexes XMo(CO),(n%-CsH;) (X = indenyl,?
Tp'#%*) from XMo(CO);™ and allyl halides. In contrast,
CpMo(CO);~ with allyl chloride gives the g-allyl complex
that is decarbonylated to the =-allyl dicarbonyl only under
UV photolysis.?

In order to obtain a benchmark for a seven-coordinate
TpMo complex, we have determined the structure of the
previously unreported bromide TpMo(CO);Br (6).% The
ligands are arranged in a version of the four-legged piano
stool geometry (Figure 2). In a vertical projection, the Br
lies between two pyrazolyl rings which causes the trans-
carbonyl to eclipse the third pyrazolyl ring. The net effect
is to bend the trans-carbonyl down (Br-Mo-CO, = 118.5
(2)° vs. ~132° in CpMo(CO);X complexes)?” and generally
to compress the “legs” of the piano stool. Such compres-
sion in a TpMo(CO)4R complex would force the alkyl and
¢is-CO groups into close proximity, facilitating alkyl mi-
gration to form the n%-acyl structure.

The use of sterically demanding, o-bonded ligands to
facilitate the formation of n%acyl or n>-formyl complexes
may have general synthetic applicability and investigations
on this aspect are in progress.
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Summary: The reactions of hexachlorocyclo-

triphosphazene with trimethylaluminum have been exam-
ined. These reactions lead to good vields of a new series
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of tetraalkylated chlorocyclotriphosphazenes via a pre-
dominantly geminal substitution pathway.

The reactions of organometallic reagents with chloro-
cyclophosphazenes are some of the most complex in
main-group chemistry. The reactions of organolithium
reagents with hexachlorocyclotriphosphazene (I) have been
shown to lead to degradation of the phosphazene ring,!
while the reactions with Grignard reagents are found to
proceed via a metal-halogen exchange pathway.2® With
both these reagents, only traces of simple alkylated cyclic
phosphazenes of general structure II and IIT have been
observed. Compounds of type II* and III>€ can be syn-
thesized, indirectly, via the reactions of I with organo-
copper reagents. These reactions follow a somewhat com-
plex pathway involving a metallophosphazene interme-
diate.’® Higher degrees of alkylation of hexachloro-
cyclotriphosphazene have not been observed in any of the
reactions discussed above.

We report here the unusual results of a series of reac-
tions between hexachlorocyclotriphosphazene (I) and
trimethylaluminum. Surprisingly, these reactions led to
good yields of a white crystalline compound identified as
1,1,3,3-tetramethyl-5,5-dichlorocyclotriphosphazene (V).
This is the first time that high degrees of alkylation have
been achieved in a reaction between hexachlorocyclo-
triphosphazene and an organometallic reagent. The ex-
tension of these results to the reactions of organoaluminum
reagents with poly(dichlorophosphazene) may have im-
portant consequences.

A typical experimental procedure was as follows. Hex-
achlorocyclotriphosphazene (I; 5.0 g, 0.014 mol) was dis-
solved in dry, degassed toluene (~150 mL) under an at-
mosphere of dry nitrogen. Trimethylaluminum (8 mL,
pure liquid) was then carefully added by using Schlenk
techniques. The reaction mixture was heated at reflux for
150 h, and the solvent was then removed in vacuo. The
residue was extracted with dry CH,Cl, (2 X 150 mL), and
this solution was then filtered through neutral alumina.
This gave the crude product in 40% yield (1.5 g). This
material was recrystallized from CH,Cl,/hexane to give
V as air- and moisture-stable white crystals, mp 240-242
°C. 'Ig‘he structure of V was established from the following
data.

The mass spectrum showed the molecular ion at m/z
265 (%*Cly) with a Cl; isotope pattern. Fragment ions were
observed at m/z 250 (M* — CHj; base peak), and at m/z
230 (M* - Cl). The infrared spectrum showed bands for
the CH; group at 2995 (mw) and 2920 (mw), P-CH; at
1300 (m), and PN bonds at 1180 (vs) cm™.. The proton-
decoupled 3P NMR spectrum showed a simple AB, spin
system with peaks at 16.56 ppm (a triplet, Jpnp = 3.6 Hz;
assigned to the PCl, group) and 31.61 ppm (a doublet, Jpnp
= 3.6 Hz; this peak broadened significantly upon 'H cou-
pling and was assigned to the P(CH;), groups). From these

(1) Harris, P. J.; Fadeley, C. L. Inorg. Chem. 1983, 22, 561.

(2) Harris, P. J.; Desorcie, J. L.; Allcock, H. R. J. Chem. Soc., Chem.
Commun. 1981, 852,

(3) Allcock, H. R.; Desorcie, J. L.; Harris, P. J. J. Am. Chem. Soc. 1983,
105, 2814.

(4) Allcock, H. R.; Harris, P. J. Inorg. Chem. 1981, 20, 2844.

(5) Harris, P. J.; Alleock, H. R. J. Chem. Soc., Chem, Commun. 1979,
T14.

(6) Allecock, H. R.; Harris, P. J.; Connolly, M. S. Inorg. Chem. 1981,
21, 11.

(7) Harris, P. J.; Allcock, H. R. J. Am. Chem. Soc. 1978, 101, 6512.

(8) Allcock, H. R.; Harris, P. J. J. Am. Chem. Soc. 1979, 101, 6221.

(9) All NMR data were obtained in CDCl; solution. Positive 3'P
chemical shifts are downfield from an internal capillary of H;PO,. Proton
chemical shifts are downfield from internal (CHjy),Si.

Communications

Scheme I
oL CL\P/CH3
N Toluene, & N
| ! AlMe, ‘ |
a—rp P—Cl cL-—P R—Cl
o Sy o Sy
1 1
<:H3\P/c|-<3 CH,\P/CH3 CH,\P/CH3
™.
N/ \'\\1‘ N \Tw N/ W
: -— ! -— | i
| I | | | i
o—p P—CH C—P R—CH o—P P—Cl
- 3 3 -
o S e, S o S
v v m

data, it is clear that the four methyl groups are bound to
two of the phosphorus atoms in the phosphazene ring and
are arranged in a geminal orientation. This was confirmed
by an inspection of the TH NMR spectrum (200 MHz) that
showed the resonance assigned to the P(CH;), groups as
a doublet centered at & 1.60 (Jpcy = 12.9 Hz) with further
unresolved fine structure. These data indicate that all four
of the methyl groups are magnetically equivalent, and this
can only be achieved by the geminal substitution pattern
suggested for compound V. Correct microanalytical data
were also obtained.!?

Following the isolation of compound V, it was of interest
to determine the substitution pattern involved during its
formation from I. At several stages during a typical re-
action, a 10-mL aliquot of the reaction mixture was with-
drawn by syringe and worked up as previously described.
Proton NMR of the crude product revealed the presence
of mono-* and dimethylcyclotriphosphazenes® and a new
set of resonances at ¢ 2.0 (doublet of quartets) and 1.65
(doublet of multiplets) tentatively assigned to the molecule
1,1,3-trimethyl-3,5,5-trichlorocyclotriphosphazene. This
product was also observed in the mass spectrum of the
reaction mixture.!!

These results indicated a predominantly geminal mode
of halogen replacement. This was confirmed by reactions
of methylpentachlorocyclotriphosphazene (II) and 1,1-
dimethyltetrachlorocyclotriphosphazene (III) with tri-
methylaluminum, which led to good yields of compound
V. (In both cases traces of compound IV were detected
during the reaction). The substitution pathway is sum-
marized in Scheme I. This predominantly geminal mode
of substitution for chlorocyclotriphosphazenes is in marked
contrast to fluorophosphazenes where both geminal and
nongeminal substitution pathways are observed.’? How-
ever, the fact that substitution appears to stop after the
introduction of the fourth methyl group is not fully un-
derstood and is under further investigation at the present
time.
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