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Unexpected Formal [1+43] Cycloadditions between Azides and
a-Zirconated Phosphanes: A Route to Unprecedented Phosphazide and

Iminophosphorane Complexes

Victorio Cadierno,!®! Maria Zablocka,™ Bruno Donnadieu,'*! Alain Igau,*!
Jean-Pierre Majoral,*!*! and Aleksandra Skowronska*!"!

Abstract: Polycyclic zwitterionic complexes that incorporate one or two phospho-
nium unit(s) as cationic center(s) and zirconocene-ate moiety(ies) as the anionic
counterpart(s) can be easily prepared by either [1+3] or [1+3] and [2+3] cyclo-

additions which involve bi- or tricyclic a-zirconated phosphanes 3 or 4 and various
azides. Some of these species exhibit unprecedented phosphazide chelation with
bonding between the zirconium and a nitrogen atom in the o position relative to

Keywords: azides - cycloadditions -

phosphorus. When heated, the phosphazide complexes lose dinitrogen to form stable
polycyclic zwitterionic phosphonium mono- or dinuclear complexes. The solid-state
structure of the two zwitterionic complexes § and 8 was determined by X-ray

crystallography.

Introduction

The chemistry of iminophosphorane compounds of general
structure R;P=N—R’, which incorporate a four-coordinate
phosphorus and a formal double bond between the phospho-
rus and the nitrogen, is very well documented. Iminophos-
phoranes are employed in a number of useful reactions in
organic chemistry, such as Aza-Wittig reactions!!! or as
neutral, very strong bases.??! The Staudinger reaction of azides
with tertiary phosphanes is one of the two major routes in the
preparation of iminophosphoranes.’! Such a reaction pro-
ceeds by nucleophilic attack of the phosphane on the terminal
a-nitrogen atom of the azide to afford a linear phosphazide,
rarely stable,[ which then dissociates to the iminophosphor-
ane with elimination of dinitrogen (Scheme 1). Iminophos-
phoranes form complexes with a variety of metals by
N-imino complexation (covalent or dative bonds).['l In
marked contrast, only a few phosphazide complexes have
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Scheme 1. Mechanism of the Staudinger reaction between phosphanes and
azides.

been prepared.’! The unique seven-coordinate complex
[WBr1,(CO);(Ar-N=N—N=PPh;)| (1a) was characterized by
X-ray diffraction studies: the phosphazide ligand is bound to
the tungsten metal fragment in a bidentate fashion through
the a- and y-nitrogen atoms.*®! More recently, the cyclic (Z)-
phosphazide 2 was found to act as a monodentate two-
electron donor through the less sterically hindered S-nitrogen
atom.P]

We recently discovered that a-zirconated phosphanes, such
as 3 or 4, can act as donor—acceptor (phosphane part—zir-
conium moiety) species to allow the synthesis of new
zwitterionic zirconocene-ate complexes when reacted with
unsaturated organic molecules such as alkynes, heterocumu-
lenes or aldehydes!® (Scheme 2). Formal [3+2] cycloadditions
take place in all cases. Nucleophilic attack of the phosphane
moiety may be envisaged in order to rationalize the formation
of the zwitterionic final products. Therefore, it was tempting
to extend such a synthetic methodology that uses zirconate
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anions to the addition of various azides to compounds 3 and 4.
One can expect that a Staudinger reaction will take place with
the formation of a transient phosphazide or the formation of
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Scheme 2. An example of a [2+3] cycloaddition between an alkyne and 3
in the synthesis of zirconocene-ate complexes.

the more stable iminophosphorane. The trapping of phospha-
zide through complexation of the y-nitrogen atom to the
zirconium center may be anticipated because of the well
established zwitterionic character of the PN;R fragment
(P*—N,=N,~N,—R) ¥l with formation of the zirconate spe-
cies A. Complexation of phos-

phazide through the less-hin-

dered nitrogen atom Nj which

would lead to complexes of Oj\
type B can be also envisaged. 27 pPh,
Otherwise, the chelation of the Cp,
iminophosphorane would lead

to complexes of type C, where-

by the zirconium counterpart

plays the role of a Lewis acid in

each case. Lastly, insertion of

the azide into a Zr—C bond
cannot be totally ruled out.”]

346 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

+ R—N; —»

Herein, we report an unprecedented chelation of phospha-
zides which involves formal [1+3] cycloadditions that occur
exclusively with the a-nitrogen atom of phosphazide moieties
to afford a variety of new, stable, polycyclic, zwitterionic
complexes. Decomposition of these complexes occurs with
loss of nitrogen to lead to other new polycyclic zwitterionic
species. Concomitant [143] and [2+43] cycloadditions with
bifunctional molecules, such as 4-azidophenyl isothiocyanate
and 4-azidotetrafluorobenzaldehyde, afford bis(zwitterionic)
zirconate complexes. X-ray crystallography studies of two of
these unusual systems confirm the proposed structures.

Results and Discussion

We first treated the a-phosphino zirconaindene 3 with
4-fluoro-3-nitrophenyl azide at room temperature in toluene
for 30 min (Scheme 3). The reaction was monitored by 3'P
NMR spectroscopy: the singlet from the isolated product 5
(0=377) is 30.8 ppm downfield relative to the resonance of
the phosphane counterpart of 3 (6 =6.9). No evolution of
dinitrogen was observed. Characteristic '*C NMR chemical
shifts at 6 =152.4 (d, J(C,P)=51.9 Hz, ZrCP) and 192.2 (d,
J(C,P)=8.7Hz, ZrC) are detected for sp?> carbon atoms
directly linked to the anionic zirconium center.! Mass
spectrometry of 5 (electrospray, m/z 689 [M*]) proved that
the N; fragment is retained and that a phosphazide is formed.
In order to gain more insight into the structure, X-ray
crystallography was undertaken on the stable yellow crystals
of 5 (Table 1). A view of the molecule is shown in Figure 1 and
reveals an unexpected N,—Zr interaction. The N,—Zr bond
length (2.401(3) A) is in good agreement with those found in
other zwitterionic and neutral compounds (for example,
d(Zr-N)=2.405(2) A in 6, d(Zr-N)=2.267(3) A in 7).
It is remarkable that not only the P-N1-N2-N3-C31 linkage is
planar (maximum deviation 0.097 A), but also the fused
tricyclic system comprising the C2-C3-C4-C5-C6-C1 aromatic
ring, the C6-C1-Zr-C8-C7 five-membered ring, and the Zr-
C8-P-N1 four-membered ring. The PN, fragment has an E
configuration with respect to the central N—N bond. The
X-ray crystal structures of some phosphazides have already
been determined.! Most of these derivatives contain an E-
configured phosphazide moiety; a few examples of Z config-
uration have also been found.l*~> There is extensive elec-
tronic delocalization in the P-N-N-N linkage of 5§ and the bond
lengths compare fairly well with the average values found for

g5 (e
7Zr” “PPh, -N, Zr” PPh,
N4

Cp2 \ /
Te iy
5 N 810 p

-

9 R= —P(0)(OPh),
10 R= SiMe,

Scheme 3. Synthesis of zwitterionic complexes 5, 8—10 by a [1+3] cycloaddition.
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Table 1. Crystallographic data for 5 and 8.

5

8

molecular formula

CyHysN,O,FPZr CyoH,4N,0,FPZr

molecular weight 689.72 661.82

Pealed [g Cm73] 1.53 1.53

u [em™] 4.58 4.72

F(000) 1396.39 1340.64
crystal system monoclinic monoclinic
space group P2,/n P2,/c

a[A] 7.969(1) 10.892(2)

b [A] 19.021(2) 33.424(4)
c[A] 20.065(3) 7.993(2)
£ 100.198(2) 98.797(2)

V (A3 2993(1) 2875(1)

VA 4 4

crystal size 0.6 x0.3x0.1 0.7x0.3x0.2
crystal habit plate parallelepiped
crystal color light yellow yellow

no. of measured reflections 23079 22179

no. of independent reflections 4681 4419
merging R value 0.03 0.04
refinement on Fops Fops

Rl 0.025 0.028

Rwl®! 0.026 0.029
max./min. residual electron density [e A3] 0.57/—0.43 0.63/—1.36
GOF (S)e 0.9 0.64
weighting schemeld! Chebyshev Chebyshev
abs corr.l] numerical numerical

T min— Tmax 0.707-0.791 0.818-0.936
no of reflections used [/ >20(])] 3862 3677

no. of parameters used 429 393

[a] R=2(|F,| - |F.||)E|F,].
[c] Goodness-of-Fit = [£(] F, — Fe| Y/ (N~ Nramrers)

Rw=[Zw(| | Fo| — [ Fe||)/Zw(| F,[ )]
[d] w=[weight] x

[1— AF/6 0F)’]* where weights are calculated from the following expression:
weight=1/Z (r=1,n)ArTr(X), where Ar are the coefficients for the Chebyshev
polynomial Tr(X) with X =F,/F,(max).l'"! [e] X-SHAPE Crystal optimization
for numerical absorption correction. Revision 1.01 July 1996 Copyright STOE

& Cie GmbH, 1996.

Figure 1. Molecular structure of 5. Selected bond lengths [A] and an-
gles [°]: N1-Zr 2.399(18), N1-P 1.6532(19), N1-N2 1.338(3), P—C8
1.731(2), Zr—C8 2.351(2), N2-N3 1.294(3), N3—C31 1.416(3); C8-Zr-N1
61.72(7), Zr-N1-P 103.37(8), N1-P-C8 92.1(1), Zr-C8-P 102.81(11).
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the other phosphazides: d(P1-N1)=1.6532(19) A (av
1.630(1)), d(N1-N2)=1337(4)A (av 1.341(1)), and
d(N2-N3)=1294(3) A (av 1.273(11)). The environment
around phosphorus is typical for a phosphonium center.
Therefore, in marked contrast to the situation encountered
for compounds 1 and 2, intramolecular donor-acceptor
interactions only occur with the a-nitrogen atom which
suggests that this nitrogen atom is a better donor than N,
and that the polarization of the phosphazide moiety is more
correctly represented as -P*—N"—N=N—-R rather than
-P*—=N=N—-N"—R, at least for the structure reported above.
The zwitterionic zirconocene-ate complex 5 is stable at
room temperature and dinitrogen is only liberated on heating
under reflux in toluene for 2 h, to give rise to a new complex 8,
isolated in 85 % yield (Scheme 3). This evolution of molecular
nitrogen may imply a dissociation of the Zr—N, bond. Two
possible pathways to rationalize the formation of 8 may be
proposed (Scheme 4). The first path involves the mechanism

path a
. | —
szzr‘ ’,Eth
A
R ¥)¢Nﬂ
Ng
5 — 8
— - N2
Resl
path b szzr\ bp{, hy
/Ny\f‘ié Na
B

Scheme 4. Proposed mechanism for the formation of complex 8.

demonstrated for the Staudinger reaction with transient
formation of a four-centered transition state, coordination of
the y-nitrogen atom to phosphorus, and elimination of the a-
and f-nitrogen atoms (path a) to give compound 8. However,
the transient formation of a six-membered ring (path b)
cannot be totally ruled out. The X-ray structure analysis of 8
(Figure 2, Table 1) shows that the nitrogen atom is connected
to zirconium (d(Zr—N)=2.426(2) A) and the phosphorus—
nitrogen bond length (1.620(2) A) is in the normal range for
such a bond. No structural change is observed for this
derivative in comparison with §; the fused tricyclic system is
still planar (maximum deviation 0.062 A).

Interestingly, the reaction of 3 with the azide N;P(O)(OPh),
in toluene at room temperature for 1 h gave the zwitterionic
derivative 9 directly (Scheme 3); the transient formation of a
phosphazide complex was not detected in this case. Indeed,
3P NMR spectra show the disappearance of the singlet at 6 =
6.9 from 3 and the appearance of a doublet of doublets at 6 =
—2.9 (P(OPh),) and 32.9 (PPh,) (3/(P,P) =20.2 Hz) which is
strongly indicative of the direct formation of a P-N-P unit.
Mass spectrometry (electrospray) (m/z =754 [M*]) corrobo-
rates such an assumption. A similar result was observed when
a toluene solution of 3 was treated for 1 h with trimethylsi-

0947-6539/00/0602-0347 $ 17.50+.50/0 — 347



FULL PAPER

J.-P. Majoral, A. Skowronska et al.

Figure 2. Molecular structure of 8. Selected bond lengths [A] and an-
gles []: N1—Zr 2.426(2), N1-P 1.620(2), N1-C31) 1.396(3), P—C8 1.723(3),
Zr—C8 2.322(3); C8-Zr-N1 62.79(8), Zr-N1-P 100.2(1), N1-P-C8 95.47(12),
Zr-C8-P 101.11(12).

lylazide: the complex 10 was the only product formed and was
isolated in 61 % yield (Scheme 3). However, this reaction did
not proceed at room temperature; it was necessary to reflux
for 1 h in order for the reaction to go to completion.

Such a formal [1+3] cycloaddition which involves azides
and a-zirconated phosphanes can be extended to tricyclic
systems, such as 4 (Scheme 5). Indeed, when a solution of 4
and N;P(O)(OPh), in toluene was stirred at room temper-
ature for 1 h, in contrast to the reaction which led to 9, the

R-N,
o le| = CP WL
Zr P\ Czr P\ -N, Zr P
Cp, Ph p2\N/ Ph CPz\N/ Ph
4 1 {7
Np R
N'Y
. Iy 12R= —P(O)(OEY),
- 13 R= SiMe,

11 R= —P(O)OEt),

Scheme 5. Synthesis of zwitterionic zircona-phosphazide complexes 11—
13.

formation of a transient phosphazide complex 11 was detected
by 3P NMR spectroscopy: two broad singlets at ¢ =61.0
(PPh) and —4.46 (P(OPh),), which correspond to the
P=N—-N=N-P(O)(OPh), linkage appeared and then disap-
peared in favor of two doublets of doublets at  =59.5 (PPh)
and —2.3 (P(OPh),) (3J(PP)=172Hz) attributed to the
P-N-P fragment of the final product 12, which was isolated
in 90 % yield.

Lastly, as in the reaction of trimethylsilylazide with 3, the
iminophosphorane complex 13 was directly formed when the
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tricyclic system 4 was treated with trimethylsilylazide at room
temperature. Remarkably, only one isomer of each complex
12 and 13 was formed, as indicated by NMR spectroscopy.

Therefore, it appears that the lifetime of transient phos-
phazide complexes is greatly dependent on the nature of both
the starting a-zirconated phosphanes and the azide used. As
previously shown,l!!' phosphazides are thermodynamically
stabilized by the presence of electron-withdrawing groups
on nitrogen and of electron-donating groups on phosphorus.
This is also demonstrated in this work. Indeed, the phospha-
zide 5, with the 4-fluoro-3-nitrophenyl group linked to
nitrogen, is the only stable phosphazide detected and isolated
from the reaction of azides with 3. Moreover, transient
formation of a phosphazide is observed when N;P(O)(OPh),
is treated with 4; such an intermediate is not detected in the
reaction of the same azide with 3, because the vinylphosphane
is a weaker electron-donating group than the phospholane
unit.

In a previous paper we have shown that the a-zirconated
phosphane 3 reacts readily with aldehydes to give the
zwitterionic zirconocene-ate complexes 14 in a [2+43] cyclo-
addition (Scheme 6).[1 Reactions are generally conducted in
toluene for 1h at either —78°C or room temperature,
depending on the aldehyde. Taking these observations into

| + R—CHO —> @:&@
C Zr PPh,
Zr" "PPh, P2 \0 (

q
b2 g H
3 14
Scheme 6. The [2+3] cycloadditions between aldehydes and 3.

account and the results reported above, it was tempting to
extend such investigations to the study of the reactivity of
compounds 3 and 4 towards difunctional species which
incorporate both azide and aldehyde functionalities or an
azide and another functional group that is able to react with
derivatives 3 and 4. Several questions arise: are the reactions
selective? Is it possible to obtain products from both [1+3]
and [2+3] cycloadditions? Is it possible to trap phosphazide
intermediates, if any, by the same unusual coordination
mode?

The first step was the treatment of 3 (2 equiv) with 4-azido
tetrafluorobenzaldehyde in toluene at room temperature for
30 min. This reaction led directly to the bis(zwitterionic)
species 15 in 75% yield (Scheme 7). The consumption of 3
(disappearance of the signal at  =6.9) and the formation of
the two phosphonium centers of 15 (6 =28.7 (s, Ph,PC), 36.6
(s, Ph,PN)) was detected by P NMR spectroscopy. The
3C NMR data fit perfectly well with the proposed structure,
particularly if the chemical shifts and coupling constants of the
carbon atoms directly linked to the zirconium centers are
considered. Mass spectrometry data (FAB; m/z 1232 [M*+1])
unambiguously corroborates the structure and shows that the
PN; unit is retained. Remarkably, no difference in the
reactivity between the azido and the aldehyde groups is
detected, and the expected [143] and [2+3] cycloadditions
occurred concomitantly, even when stoichiometric conditions

0947-6539/00/0602-0348 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 2



Phosphazide and Iminophosphorane Complexes

345-352

L, e
Zr” “PPh,

Cp,
3

-
Cp N
N N2
16 F F
F F
H
o\ C
PhB_ _Zr 2
)

Scheme 7. The [1+3] and [2+3] cycloadditions between 4-azido-tetrafluorobenzaldehyde and 3.

are used. When 15 was heated in refluxing toluene, dinitrogen
was liberated and adduct 16 was formed, which was fully
characterized by the usual spectroscopic methods; mass
spectrometry (FAB; m/z 1204 [M*+1]) confirmed that
dinitrogen was evolved.

A similar reactivity was observed when compound 3 was
treated with 4-azidophenyl isothiocyanate in toluene at room
temperature for 30 min. A clean reaction occurred to give,
after workup, the stable polycyclic bis(zwitterionic) adduct 17
(yield: 80 %) which contains four- and five-membered rings
with Zr-C-P-N and Zr-N-C-P-C backbones, respectively
(Scheme 8). The NMR data, especially *C NMR data,
indicate that the cycloaddition involving the isothiocyanate
moiety occurred on the carbon-nitrogen double bond
[0(C=S)=172.8 (d, J(C,P) =124.7 Hz)]. Moreover, the pres-
ence of a P-N; fragment is revealed by mass spectrometry.
Monitoring the reaction by P NMR spectroscopy did not
allow us to detect a difference in the reactivity between the
two cycloadditions involved in this process. As for all the
reactions reported here, the phosphazide complex can be

Zr” “PPh, CPZZr\ peh

Cp
3

Zr Pth
P2\ / N,

S,
?—N
Cpy

Ph,P. A
S0

Scheme 8. The [1+3] and [2+43] cycloadditions between 4-azidophenyl isothiocyanate and 3.
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easily transformed into a imi-
nophosphorane-like  complex
l by heating 17 in refluxing tol-
uene. This reaction afforded the
l new bis(zwitterionic) zircono-

cene-ate complex 18.

Analogous reactions con-
thp\ :

/PPh2

ducted with 4 instead of 3 and
with 4-azidotetrafluorobenzal-
dehyde or with 4-azidophenyl
isocyanate allowed us to isolate
the bis(zwitterionic complexes)
19 and 20 in good yields (81 and
89 %, respectively). These com-
plexes both contain two sets of
fused tetracyclic systems which
arise from concomitant [1+3]
and [2+3] cycloadditions
(Scheme 9). Mass spectrometry
(FAB; 19: m/z 1138 [M™+1];
20: m/z =1095 [M™+1]) shows that the PN; unit is still present
in the backbone, as in 15 and 17. Because of the presence of
several chiral centers, one can expect the formation of several
diastereoisomers for both 19 and 20. However, such isomers
are not detected by NMR spectroscopy, except in part for
compound 20 which exhibits two doublets at o =170.5
(J(C,P)=121.4Hz) and 1704 (J(C,P)=121.05Hz) for the
C=S group. All the other *C NMR data are fully consistent
with those obtained for compound 14, which incorporates the
same [243] cycloadduct moiety, and are also consistent with
those obtained for compound 21, which contains an analogous
[2+3] cycloadduct unit.["]

It is reasonable to postulate an E configuration for all the
phosphazide linkages in view of the X-ray data collected for 5.
Moreover, the Z configuration is very rarel and no
particular steric or electronic effects can be evoked in favor
of the Z configuration.

Contrary to what was observed with the other phosphazide
complexes reported above, 19 and 20 do not lose dinitrogen
cleanly when refluxed in toluene: decomposition of these
complexes occurs with forma-
tion of numerous unidentified

derivatives.
7} Conclusions
N
The reactions of azides with a-
zirconated phosphanes allow
the synthesis of a number of
S, original zwitterionic (phospho-
N\Z p nium) zirconocene-ate com-

plexes as a result of unexpected
[1+43] cycloadditions. The use of
bifunctional reagents that con-
tain an azido group and either
an aldehyde group or an iso-
thiocyanate group, permits a
facile access to various unusual
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Scheme 9. The [143] and [2+3] cycloadditions between 4 and 4-azido-
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/N
Mg’

bis(zwitterionic) species through [143] and [2+3] cycloaddi-
tions. Unprecedented phosphazide chelation and stabilization
were well established. Mechanistic studies and investigations
concerning the chemistry and the potential use of these new
zwitterionic systems are underway.

Experimental Section

Complex 5: To a solution of complex 3 (0.476 g, 0.937 mmol) in toluene
(10 mL) was added 4-fluoro-3-nitrophenyl azide (0.170 g, 0.937 mmol) at
room temperature. The mixture was stirred at room temperature for 30 min
and then evaporated to dryness. The solid residue was extracted with THF/
pentane (10 mL/40 mL) and filtered. The volatiles were removed from the
solution and the resulting solid was washed with pentane (5 mL) to give 5 as
a yellow powder. Yield: 65 % (0.420 g); *'P{'H} NMR (CDCl,): 6 =377 (s);
'H NMR (CDCl;): 6=5.90 (s, 10H, CH,), 7.98-7.02 (m, 2H, CH,,n),
723-777 (m, 14H, CH,.n), 8.11 (dd, 1H, J(HH)=6.9 Hz, J(H,F) =
2.5Hz, CH,om), 829 (d, 1H, J(H,P)=24.9 Hz, PCCH); “C{'H} NMR
(CDCly): 6=1079 (s, CHg), 1176 (s, CH,pom), 118.4 (d, J(C, F) =31.8 Hz,
CH,;om), 122.8, 125.2 and 125.6 (s, CH,n), 1274 (d, J(C, F)=78 Hz,
CH,om), 129.0 (d, J(C,P) =11.2 Hz, 0-PPh,), 130.2 (d, J(C,P) =66.6 Hz, i-
PPh,), 131.4 (d, J(C,P) =10.2 Hz, m-PPh,), 132.3 (s, p-PPh,), 137.5 (d, J(C,
F)=8.7Hz, C,om), 140.8 (s, CH,;om), 148.0 (s, Cyrom), 152.4 (d, J(CP)=
51.9 Hz, ZrCP), 152.9 (d, J(C, F)=203.2 Hz, C,,y), 155.8 (d, J(C,P)=
279 Hz, ZrCC), 164.8 (s, ZrCCH), 192.2 (d, J(C,P) =8.7 Hz, ZrC); anal.
calcd for C54H,sN,O,PFZr (689.8): C 62.68, H 4.09, N 8.12; found: C 62.45,
H 3.97, N 8.22; MS (electrospray): m/z: 689.1 [M*+1], 661.2 [M" — N,+1].
Complex 8: A solution of complex 5 (0.150 g, 0.217 mmol) in toluene
(5 mL) was heated under reflux for 2 h and then evaporated to dryness. The
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solid residue was extracted with THF/pentane (5 mL/25 mL) and filtered.
The volatiles were removed from the solution and the resulting solid was
washed with pentane (5mL) to give 8 as a yellow powder. Yield: 85%
(0.122 g); m.p. 197-198°C; 3'P{'H} NMR (CDCl;): 6 =24.6 (s); 'H NMR
(CDCl;): 6 =5.94 (s, 10H, CHg,), 6.91-7.70 (m, 17H, CH,o), 7.96 (d, 1H,
J(H,P)=24.3 Hz, PCCH); “C{'H} NMR (CDCl;): 6=108.3 (s, CHc,),
116.6 (d, J(C,P)=18.7 Hz, CH,,,n), 118.0 (d, J(C, F)=21.6 Hz, CH, 1),
122.8, 125.0 and 125.4 (s, CH,om), 126.7 (dd, J(C, F)=14.2 Hz, J(C,P) =
6.5 Hz, CH, ), 1292 (d, J(C,P)=10.8 Hz, 0-PPh,), 131.3 (d, J(CP)=
10.3 Hz, m-PPh,), 132.2 (s, p-PPh,), 136.7 (d, J(C, F)=6.8 Hz, C,on),
140.9 (s, CH,om), 146.6 (s, Cyrom), 148.9 (d, J(C, F) =219.2 Hz, C,,on), 154.2
(d, J(C,P)=32.5Hz, ZrCC), 155.3 (d, J(C,P) =64.8 Hz, ZrCP), 161.3 (d,
J(C,P)=4.6 Hz, ZrCCH), 1914 (d, J(C,P)=71Hz, ZrC); i-PPh, not
observed; anal. calcd for C;H,N,O,PFZr (661.8): C 65.33, H 4.26, N 4.23;
found: C 65.40, H 4.19, N 4.18; MS (DCI/NH,): m/z: 661 [M*+1].

Complex 9: To a solution of complex 3 (0.331 g, 0.652 mmol) in toluene
(8 mL) was added diphenylphosphoryl azide (0.140 mL, 0.652 mmol) at
room temperature. The mixture was stirred at room temperature for 1 h
and then evaporated to dryness. The solid residue was extracted with THF/
pentane (5 mL/40 mL) and filtered. The volatiles were removed from the
solution and the resulting solid was washed with pentane (5 mL) to give 9 as
a brown powder. Yield: 73 % (0.359 g); 3'P{'H} NMR (C,Dy): 6 =—2.9 (d,
J(PP)=20.2 Hz, P(OPh),), 32.9 (d, J(PP)=20.2Hz, PPh,); 'H NMR
(CeDg): 6=5.91 (s, 10H, CHc,), 6.84-7.70 (m, 24H, CH,,,), 7.85 (d, 1H,
J(H,P) =354 Hz, PCCH); “C{'H} NMR (C¢Dy): 6 =111.2 (s, CHc,), 121.4
(d, J(C,P)=4.6 Hz, 0-P(OPh),), 123.6 (s, CH,,om), 125.1 (s, p-P(OPh),),
126.6 and 127.4 (s, CH, o), 128.8 (d, J(C,P) =10.6 Hz, 0-PPh,), 130.3 (s, m-
P(OPh),), 131.6 (s, p-PPh,), 132.9 (d, J(C,P) =9.5 Hz, m-PPh,), 140.3 (s,
CH,,om), 152.1 (d, J(C,P)=62.6 Hz, ZrCP), 152.6 (d, J(C,P)=33.7 Hz,
ZrCC), 163.5 (d, J(C,P) =6.0 Hz, i-P(OPh),), 168.1 (s, ZrCCH), 195.8 (d,
J(C,P) =5.3 Hz, Z1rC); i-PPh, not observed; anal. calcd for C,,H;50;P,NZr
(754.9): C 66.82, H 4.67, N 1.85; found: C 66.74, H 4.62, N 1.90; MS
(electrospray): m/z: 754.3 [M*+1].

Complex 10: To a solution of complex 3 (0.518 g, 1.020 mmol) in toluene
(15 mL) was added trimethylsilyl azide (0.135 mL, 1.020 mmol) at room
temperature. The mixture was heated under reflux for 1h and then
evaporated to dryness. The solid residue was extracted with THF/pentane
(10 mL/40 mL) and filtered. The volatiles were removed from the solution
and the resulting solid was washed with pentane (5 mL) to give 10 as a
brown powder. Yield: 61 % (0.368 g); 3'P{'"H} NMR (C,Dy): 6 =194 (s);
'HNMR (C¢D): 6 =0.07 (s, 9H, SiMe;), 5.90 (s, 10H, CH,), 7.03-7.36 (m,
10H, CH,op), 7.54=7.65 (m, 4H, CH,,,,), 7.88 (d, 1H, J(H,P) =23.4 Hz,
PCCH); *C{'H} NMR (C¢Dg): 6 =5.0 (d, J(C,P) =2.7 Hz, SiMe;), 109.3 (s,
CHg,), 123.5, 125.9 and 126.2 (s, CH,,p), 129.0 (d, J(C,P)=10.5 Hz, o-
PPh,), 131.6 (s, p-PPh,), 132.0 (d, J(C,P)=10.4 Hz, m-PPh,), 136.6 (d,
J(C,P)=71.8 Hz, i-PPh,), 141.3 (s, CH,,om), 154.6 (d, J(C,P)=32.7 Hz,
ZrCC), 159.2 (s, ZrCCH), 162.0 (d, J(C,P)=63.8 Hz, ZrCP), 193.6 (d,
J(C,P)=74Hz, ZrC); anal. caled for C;;H3,PNSiZr (594.9): C 66.62, H
5.76, N 2.35; found: C 66.35, H 5.66, N 2.41; MS (electrospray): m/z: 594.2
[MF+1].

Complex 12: To a solution of complex 4 (0.230 g, 0.500 mmol) in toluene
(5mL) was added diphenylphosphoryl azide (0.107 mL, 0.500 mmol) at
room temperature. The mixture was stirred at room temperature for 2 h
and then evaporated to dryness. The solid residue was extracted with THF/
pentane (5 mL/20 mL) and filtered. The volatiles were removed from the
solution and the resulting solid was washed with pentane (5 mL) to give 12
as a brown powder. Yield: 90% (0.317 g); 3'P{'"H} NMR (C¢Dy): 6 =—2.3
(d, J(PP) =172 Hz, P(OPh),), 59.5 (d, J(PP) =172 Hz, PPh,); 'H NMR
(CDg): 6=1.62-2.10 (m, 4H, CH,), 2.78 (t, 1H, J(H,H)=6.8 Hz,
CHCH,), 3.94 (m, 1H, ZrCH), 5.78 (s, 5SH, CH,), 6.03 (s, 5H, CHc,),
6.70-7.20 (m, 14H, CH,,,,), 750 (d, J(H,H) =6.8 Hz, CH,.n,), 7.52-7.80
(m, 4H, CH,.n); BC{'H} NMR (C¢Dy): 6=31.9 (dd, J(C,P)=74.2 Hz,
J(C,P)=2.6 Hz, PCH,), 33.7 (d, J(CP)=9.5Hz, CH,CH), 35.0 (dd,
J(C,P)=41.6 Hz, J(C,P)=4.5Hz, CHCH,), 59.4 (d, J(C,P)=16.5Hz,
ZrCH), 111.7 (s, CHg,), 112.1 (s, CHg,), 121.1 (d, J(C,P)=11.1 Hz, 20-
P(OPh),), 121.8,123.7,124.3,124.7,125.1,125.2,129.4 and 131.1 (s, 4 CH, o »
2m-P(OPh),, 2p-P(OPh), and p-PPh), 130.2 (d, J(C,P) = 10.7 Hz, 0-PPh or
m-PPh), 130.7 (d, J(C,P) =9.9 Hz, 0-PPh or m-PPh), 139.2 (dd, J(C,P) =
85.1 Hz, J(C,P)=2.6 Hz, i-PPh), 140.7 (s, CH,,om), 152.6 (d, J(CP)=
23.1 Hz, i-P(OPh),), 152.7 (d, J(C,P)=23.4Hz, i-P(OPh),), 156.5 (d,
J(C,P)=21.0 Hz, ZrCC), 185.6 (s, ZrC); anal. calcd for Cs;H;s0,P,NZr
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(706.8): C 64.57, H 4.99, N 1.98; found: C 64.25, H 4.82, N 1.89; MS (FAB):
miz: 706 [M*+1].

Complex 13: To a solution of complex 4 (0.183 g, 0.400 mmol) in toluene
(5 mL) was added trimethylsilyl azide (0.053 mL, 0.400 mmol) at room
temperature. The mixture was stirred at room temperature for 2 h and then
evaporated to dryness to give 13 as a yellow powder. Yield: 92% (0.211 g);
3P{'H} NMR (C¢Dg): 6=43.4 (s); '"H NMR (C¢Dg): 6=-0.16 (s, 9H,
SiMe;), 1.62-1.91 (m, 2H, CH,), 2.22-2.41 (m, 2H, CH,), 2.64 (t, 1H,
J(H,H) =6.1 Hz, CHCH,), 3.44 (m, 1H, ZrCH), 5.78 (s, 5SH, CHc,), 5.82 (s,
5H, CHg,), 6.99-735 (m, 9H, CH,,,,,); “C{'H} NMR (C¢Dy): 6 =4.2 (d,
J(C,P)=3.5Hz, SiMes), 270 (d, J(CP)=76.7Hz, CHCH,), 30.8 (d,
J(C,P)=571Hz, PCH,), 33.5 (d, J(C,P)=63Hz, CH,CH), 533 (d,
J(CP)=15.6 Hz, ZrCH), 110.1 (s, CHg,), 111.4 (s, CH,), 123.6, 124.6
and 124.7 (s, 3CH,,, and p-PPh), 129.1 (d, J(C,P) =9.8 Hz, 0-PPh or m-
PPh), 130.0 (d, J(C,P) =9.6 Hz, o-PPh or m-PPh), 130.8 (s, CH,,on), 140.6
(d, J(C,P) =574 Hz, i-PPh), 160.5 (d, J(C,P) =19.4 Hz, ZrCC), 185.0 (d,
J(C,P)=9.9 Hz, ZrC); anal. calcd for C,yH3,PNSiZr (546.9): C 63.69, H
6.26, N 2.56; found: C 63.52, H 6.30, N 2.61.

Complex 15: To a solution of complex 3 (0.328 g, 0.647 mmol) in toluene
(8 mL) was added 4-azidotetrafluorobenzaldehyde (0.070 g, 0.323 mmol) at
room temperature. The mixture was stirred at room temperature for 30 min
and then evaporated to dryness. The solid residue was extracted with THF/
pentane (20 mL/20 mL) and filtered. The volatiles were removed from the
solution and the resulting solid was washed with diethyl ether (5 mL) to
give 15 as a green powder. Yield: 75 % (0.301 g). NMR resonances noted by
“A” correspond to the Zr-C-P-N unit and those noted by “B” to the Zr-C-P-
C-O moiety: *'P{'"H} NMR (CDCl;): 6 =28.7 (s, Pg), 36.6 (s, P); 'H NMR
(CDCl3): 6 =5.90 (s, 5H, CHc,), 5.91 (s, 5H, CHc,), 5.96 (s, 5H, CH,), 5.99
(s, 5H, CHg,), 6.66 (s, 1H, PCH), 6.98-7.77 (m, 28 H, CH o), 7.95 (d, 1 H,
J(H,P)=26.6 Hz, PyCCH), 835 (d, 1H, J(H,P)=24.6 Hz, P,CCH);
BC{'H} NMR (CDCL): 6=79.6 (d, J(C,P)=66.0 Hz, PCH), 1079 (s,
CHg,), 108.1 (brs, CHg,), 109.8 (s, CHg,p), 122.3 and 122.9 (s, CH,om), 122.7
(d, J(C,P) =65.6 Hz, i-PgPh,), 125.4 (s, 2CH,op), 126.0 and 129.1 (brs, o-
P,Ph,, 0-PyPh,, i-P,Ph, and i-P3Ph,), 132.4 (m, m-P,Ph,, m-PgPh,, p-P,Ph,
and p-PyPh,), 140.0 and 141.0 (s, CH,on), 143.6 and 146.8 (m, 6 C,,,), 152.5
(d, J(C,P)=485Hz, ZrCP,), 1553 (d, J(C,P)=32.1Hz, Zr,CC and
ZrzCC), 160.3 (d, J(C,P)=5.0 Hz, ZrCPy), 165.2 (s, Zr,CCH), 172.0 (s,
ZrgCCH), 192.5 (d, J(C,P) =79 Hz, Zr,C), 195.7 (s, ZrgC); anal. calcd for
C¢;H5,F,N;P,Zr,0 (1234.5): C 65.18, H 4.16, N 3.40; found: C 64.93, H 4.07,
N 3.51; MS (FAB): m/z: 1232 [M*+1].

Complex 16: A solution of complex 15 (0.180 g, 0.146 mmol) in toluene
(5 mL) was heated under reflux for 1 h and then evaporated to dryness. The
solid residue was extracted with diethyl ether (30 mL) and filtered. The
volatiles were removed from the solution and the resulting solid was
washed with pentane (2 x 5 mL) to give 16 as a green powder. Yield: 56 %
(0.098 g). NMR resonances noted by “A” correspond to the Zr-C-P-N unit
and those noted by “B” to the Zr-C-P-C-O moiety: *P{'H} NMR (C¢Dy):
0=28.0(s,P,),29.0 (s, Pg); 'THNMR (C¢Ds): 6 =5.85 (s, 5H, CHc,), 5.88 (s,
5H, CHg,), 5.94 (s, 5H, CHc,), 5.98 (s, 5H, CH,), 6.68 (s, 1H, PCH), 6.94 -
7.66 (m, 28H, CH,,,), 7.92 (d, 1H, J(H,P) =26.6 Hz, PyCCH), 7.98 (d, 1H,
J(H,P)=23.4 Hz, P,CCH); C{'H} NMR (C4Dy): 6 =813 (d, J(C,P)=
64.7 Hz, PCH), 108.6 (s, CH,), 109.8 (s, CHg,), 109.9 (s, CHc,), 110.7 (s,
CHg,), 123.1,123.2, 123.8, 126.3, 126.4 and 126.7 (s, CH,;0m), 128.0 (brs, o-
P,Ph, and o-PyPh,), 132.5 (m, m-P,Ph,, m-PgPh,, p-P,Ph, and p-PzPh,),
140.8 and 141.2 (s, CH, ), 143.8 and 148.0 (m, 6 C,on), 154.7 (d, J(C,P) =
32.0 Hz, Zr,CC or ZrzCC), 156.5 (d, J(C,P) =33.0 Hz, Zr,CC or ZrzCC),
159.2 (d, J(C,P) = 66.1 Hz, ZrCP,), 161.1 (d, J(C,P) = 6.7 Hz, ZrCPy), 161.8
(d,J(C,P)=3.0Hz, Zr,CCH), 171.0 (s, ZrgCCH), 193.0 (d, J(C,P) = 4.0 Hz,
Zr,C), 196.7 (s, ZrgC); i-P,Ph, and i-PgPh, not observed; anal. calcd for
CqHs F,P,Zr,NO (1206.5): C 66.70, H 4.26, N 1.16; found: C 66.52, H 4.18,
N 1.20; MS (FAB): m/z: 1204 [M*+1].

Complex 17: To a solution of complex 3 (0.335 g, 0.660 mmol) in toluene
(8 mL) was added 4-azidophenyl isothiocyanate (0.058 g, 0.330 mmol) at
room temperature. The mixture was stirred at room temperature for 30 min
and then evaporated to dryness. The solid residue was extracted with THF/
pentane (15 mL/30 mL) and filtered. The volatiles were removed from the
solution and the resulting solid was washed with pentane (2 x 5 mL) to give
17 as a yellow powder. Yield: 80% (0.314 g). NMR resonances noted by
“A” correspond to the Zr-C-P-N unit and those noted by “B” to the Zr-C-P-
C-N moiety: 3P{'H} NMR (C¢Dy): 6 =279 (s, Pg), 35.5 (s, P,); 'H NMR
(CsDg): 0=5.83 (s, 10H, CHc,), 6.07 (s, 10H, CHc,), 7.06-8.07 (m, 32H,
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CH,,om), 827 (d, 1H, J(H,P) =217 Hz, P,CCH), 8.39 (d, 1H, J(H,P) =
24.6 Hz, P,CCH); PC{'H} NMR (CD,): 9=1089 (s, CHg,), 1095 (s,
CHy,), 1223, 123.6, 123.9, 124.5, 126.3, 126.7, 126.9 and 1272 (s, CH,pop),
1274 (d, J(C,P) =514 Hz, i-PgPh,), 129.5 (d, J(C,P)=8.9 Hz, 0-PyPh,),
129.6 (d, J(C,P) =8.9 Hz, 0-PyPh,), 132.3 (d, J(C,P)=10.1 Hz, m-P,Ph,),
132.4 and 132.7 (s, p-PAPh, and p-PgPh,), 133.9 (d, J(C,P)=8.5 Hz, m-
PyPh,), 141.8 and 142.0 (s, CH,on), 149.6 (S, Carom), 150.7 (d, J(C,P) =
278 Hz, ZrCPy), 152.8 (d, J(C,P)=14.0 Hz, C,,n), 1542 (d, J(CP)=
32.7 Hz, ZryCC), 154.5 (d, J(C,P) =53.2 Hz, ZrCP,), 156.5 (d, J(C,P)=
31.3 Hz, Zr,CC), 164.8 (s, Zr,CCH), 172.0 (s, ZrzCCH), 172.8 (d, J(C,P) =
124.7 Hz, C=S), 193.6 (d, J(C,P) =9.9 Hz, Zr,C), 193.8 (s, ZrzC); i-P,Ph,
not observed; anal. calcd for Ci;Hs,N,P,Zr,S (1191.6): C 67.53, H 4.56, N
4.70; found: C 67.58, H 4.60, N 4.62; MS (electrospray): m/z: 1191.3
[M*+1], 1163.4 [M* — N,+1].

Complex 18: A solution of 17 (0.140 g, 0.117 mmol) in toluene (5 mL) was
heated under reflux for 1.5 h and then evaporated to dryness. The solid
residue was extracted with THF/pentane (5 mL/25 mL) and filtered. The
volatiles were removed from the solution and the resulting solid was
washed with pentane (5 mL) to give 18 as a yellow powder. Yield: 93%
(0.127 g). NMR resonances noted by “A” correspond to the Zr-C-P-N unit
and those noted by “B” to the Zr-C-P-C-N moiety: *P{'H} NMR (CDCl,):
0=22.7(s,P,),282(s,Pg); ' HNMR (CDCL): 6 =5.81 (s, 10H, CH,), 5.96
(s, 10H, CHc,), 6.86-7.80 (m, 32H, CH o), 7.91 (d, 1H, J(H,P) = 28.2 Hz,
P3CCH), 797 (d, 1H, J(H,P) =23.9 Hz, P,CCH); *C{'"H} NMR (CDClL):
0=108.3 (s, CHc,), 108.7 (s, CHc,), 120.7 (d, J(C,P) =16.0 Hz, CH,;o),
122.5, 122.8, 124.3, 124.7, 124.9, 125.7 and 1259 (s, CH,om), 1270 (d,
J(C,P) =783 Hz, i-PgPh,), 128.8 (d, J(C,P)=11.9 Hz, 0-PzPh,), 128.9 (d,
J(C,P)=11.9 Hz, 0-P,Ph,), 131.5 (d, J(C,P) =9.6 Hz, m-P,Ph,), 131.6 (d,
J(C,P)=10Hz, p-P,Ph,), 132.1 (d, J(C,P)=1.0 Hz, p-PgPh,), 133.1 (d,
J(C,P)=7.6 Hz, m-PgPh,), 140.8 and 141.1 (s, CH,,on), 140.9 (d, J(C,P) =
712 Hz, i-P,Ph,), 148.1 (s, C,;om), 152.8 (d, J(C,P) =26.5 Hz, ZrCPy), 153.1
(d, J(C,P) =429 Hz, Zr3CC), 154.4 (d, J(C,P) =32.0 Hz, Zr,CC), 157.3 (d,
J(C,P)=66.5 Hz, ZrCP,), 159.9 (d, J(C,P)=4.3 Hz, Zr,CCH), 165.8 (d,
J(C,P)=129.4 Hz, C=S), 170.8 (s, ZrsCCH), 191.7 (d, J(C,P)=8.5Hz,
Zr,C), 192.7 (s, ZrzC); C,rom not observed; anal. caled for C;Hs,N,P,Zr,S
(1163.6): C69.15,H 4.68, N 2.41; found: C 68.95, H4.51, N 2.45; MS (FAB):
miz: 1162 [M*].

Complex 19: To a solution of complex 4 (0.230 g, 0.500 mmol) in toluene
(5 mL) was added 4-azidotetrafluorobenzaldehyde (0.055 g, 0.250 mmol) at
room temperature. The mixture was stirred at room temperature for 1 h
and then evaporated to dryness. The solid residue was extracted with THF/
pentane (5 mL/20 mL) and filtered. The volatiles were removed from the
solution and the resulting solid was washed with pentane (5 mL) to give 19
as a green powder. Yield: 81 % (0.460 g). NMR resonances noted by “A”
correspond to the Zr-C-P-N unit and those noted by “B” to the Zr-C-P-C-O
moiety: 3'P{'H} NMR (C¢Dg): 6 =57.9 (s, P4), 63.9 (s, Pg); 'H NMR (C¢Dj):
0=1.53-1.90 (m, 4H, CH,), 2.00-2.35 (m, 4H, CH,), 2.71-2.80 (m, 1H,
CHCH,), 3.32-3.41 (m, 1H, CHCH,), 3.46-3.68 (m, 2H, ZrCH), 5.34 (s,
5H, CH,), 5.88 (s, 5H, CHc,), 5.95 (s, 5H, CHg,), 6.10 (s, 5H, CHg,), 6.17
(s, 1H, CHO), 7.07-7.57 (m, 18 H, CH,o5,); *C{'H} NMR (C4Dy): 6 =25.3
(d, J(C,P)=44.7 Hz, PyCH,), 25.6 (d, J(C,P) =473 Hz, P,CH,), 26.1 (d,
J(C,P)=716 Hz, C,HCH,), 32.2 (s, CgHCH,), 33.4 (s, CH,CH), 35.0 (s,
CH,CH), 54.1 (d, J(C,P)=16.0Hz, Zr,CH), 55.6 (d, J(C,P)=13.8 Hz,
ZrgCH), 109.8 (s, CHc,), 111.1 (s, CHg,), 111.3 (s, CHg,), 112.5 (s, CHc),
123.5-132.3 (m, CH,,y, 0-PPh, m-PPh and p-PPh), 139.53 (s, CH,.onm),
141.1 (d,J(C,P) =6.0 Hz, CH,,,,), 143.1-150.0 (m, 6 C,,,,, and i-PPh), 159.3
(d, J(C,P) =20.4 Hz, ZrgCC), 160.8 (d, J(C,P) =18.4 Hz, Zr,CC), 182.9 (s,
ZrgC), 183.7 (d, J(C,P) =10.8 Hz, Zr,C); anal. calcd for C5,Hy,F,N;P,Zr,0
(1138.4): C62.24, H4.51,N 3.69; found: C 61.99, H 4.45, N 3.82; MS (FAB):
miz: 1138 [M*+1].

Complex 20: To a solution of complex 4 (0.230 g, 0.500 mmol) in toluene
(5 mL) was added 4-azidophenyl isothiocyanate (0.044 g, 0.250 mmol) at
room temperature. The mixture was stirred at room temperature for 1 h
and then evaporated to dryness. The solid residue was extracted with THF/
pentane (5 mL/20 mL) and filtered. The volatiles were removed from the
solution and the resulting solid was washed with pentane (5 mL) to give 20
as a brown powder. Yield: 89 % (0.480 g). NMR resonances noted by “A”
correspond to the Zr-C-P-N unit and those noted by “B” to the Zr-C-P-C-N
moiety: 3'P{'H} NMR (C,Dy): 0 =54.6 (s, Pg), 52.1 (s, P, ); '"H NMR (C¢Dy):
0=1.63-2.00 (m, 4H, CH,), 2.14-2.36 (m, 4H, CH,), 2.68-2.78 (m, 2H,
CHCH,),3.60-3.95 (m, 2H, ZrCH), 5.49 (s, 5H, CHc,), 5.66 (s, 5H, CH,),
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5.95 (s, 5H, CHg,), 5.92 (s, 5H, CHc,), 6.99-7.22 (m, 16 H, CH,,,), 6.99 -
722 (m, 6H, CH,,on); BC{'H} NMR (C4Dg): 6 =24.9 (d, J(C,P) =45.9 Hz,
P;CH,), 26.6 (d, J(C,P)=70.7 Hz, CgHCH,), 26.8 (d, J(C,P)=70.8 Hz,
CgHCH,), 273 (d, J(C,P) =50.9 Hz, C,HCH,), 29.3 (d, J(C,P) =49.7 Hz,
P,CH,), 33.4 (s, CH,CH), 34.6 (s, CH,CH), 54.2 (d, J(C,P)=14.8 Hz,
Zr,CH), 588 (d, J(CP)=15.8 Hz, ZrgCH), 109.7 (s, CHc,), 109.8 (s,
CH,), 110.1 (s, CHg,), 111.0 (s, CHg,), 122.0, 126.1, 127.6, 128.0, 129.7,
131.5,131.7,139.4 and 141.8 (s, CH,om), 125.1-125.4 (m, p-PPh, CH,,,, and
0-PPh or m-PPh), 129.1 (d, J(C,P) =10.8 Hz, 0-PPh or m-PPh), 129.6 (d,
J(C,P)=10.1 Hz, o-PPh or m-PPh), 131.0 (d, J(C,P) = 12.0 Hz, 0-PPh or m-
PPh), 149.5 (d, J(C,P) =27.9 Hz, i-PPh), 149.6 (d, J(C,P) =28.2 Hz, i-PPh),
156.2 (d, J(C,P)=21.1 Hz, ZrgCC), 161.2 (d, J(C,P)=19.0 Hz, Zr,CC),
170.3 (d, J(C,P) =121.0 Hz, C=S), 170.5 (d, J(C,P) =121.4 Hz, C=S), 182.0
(s, ZrgC), 184.2 (d, J(C,P) = 10.8 Hz, Zr,C); C,om nOt observed; anal. calcd
for CsoHs,N,P,Zr,S (1095.5): C 64.68, H4.96, N 5.11; found: C 64.52, H4.92,
N 5.20; MS (FAB): m/z: 1095 [M*+1].

X-ray structure analysis of 5 and 8: Data were collected on a Stoe Imaging
Plate Diffraction System (IPDS) equipped with an Oxford Cryosystems
Cooler Device. The structures were solved by direct methods (SIR92)!
and refined by least-squares procedures on F,,. All hydrogen atoms were
located on difference Fourier maps; however, they were introduced into
the calculation in idealized positions (d(C—H)= 0.96 A). Their atomic
coordinates were recalculated after each cycle of refinement, and were
given isotropic thermal parameters 20 % higher than those of the carbon
atoms to which they were attached. The only exception was hydrogen atom
H7 (connected to the C7 atom), which was isotropically refined. For both
structures, all non-hydrogen atoms were anisotropically refined. A statistic
disorder was found for the NO, group of §5; the oxygen atoms were
isotropically refined on two sites with a occupancy ratio of 1:1. Least-
squares refinement was carried out by minimization of the function
Sw(|F,|—| F.|)? where F, and F, are the observed and calculated structure
factors, respectively. A weighting scheme was used in the last refinement
cycles, whereby weights were calculated from the following expression:
w = [weight] x [1 — (A(F)/66(F)]'Y) and a numerical absorption correc-
tions!"!! were applied to the intensity data for 5 and 8. Models reached
convergence with the formulas: R=2(| | F,|—| F.||)/Z|F,|, Rw=[Z

w(| | Fy|—| F.||)YZw(| F,|)*]"*. The calculations were performed with the
CRYSTALS program!'?! running on a PC; the molecules were drawn with
the program CAMERON.["} The atomic scattering factors were taken from
the International Tables for X-Ray Crystallography.') Crystallographic
data (excluding structure factors) for the structures reported in this paper
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-120851 (5) and CCDC-120852 (8).
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).
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