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Organotin compounds [Tp*SnCl;_ ,Bu,] (2: n = 1;3: n = 2) having a Tp™ ligand (Tp* = tris(3,5-dimethylpyrazol-1-

yDhydroborate) are useful reagents for introducing a Tp* ligand on Group 4 and 5 metals and chromium. The test reactions
of these organotin compounds along with [Tp*SnCls] (1) with ZrCls, affording a known complex [Tp*ZrCl3] (4), were
examined. The reaction rates were in the order 3 > 2>>1. This tendency was understood by the average Sn-N(Tp*
ligand) bond distance being longer in the order 3 > 2 > 1 as revealed by the crystallographic studies and the orbital
interactions between the Tp* ligand and the SnCl;_,Bu, fragments estimated by the ab initio calculations for 1—3. On
the basis of the above findings, we applied the compound 3 to prepare Tp* complexes of Group 4—6 metals. Reactions of
TiCly with an equimolar amount of 3 afforded [Tp*TiCls] (7) in good yields after a simple rinse to remove the resulting tin
compound, SnBu,Cl,. [Tp* HfCl3] (8) was prepared in moderate yield by reaction of [HfCl4(THF),] with 3 under severe
conditions. Similarly, the reactions of 3 with a stoichiometric amount of [NbCls(THF);] or [NbCls(OEt),] and TaCls in
toluene gave [Tp*NbCl;] (9) and [Tp* TaCl3]{TaCl] (10), respectively. We also applied our synthetic method to prepare
Tp* complexes of vanadium, [Tp* VCl,(THF)] (11), [Tp* VCl,(DNAP)] (12) (DMAP = 4-dimethylaminopyridine), and
[Tp* VCL(=NCsH;Me,-2,6)] (13) and those of chromium, [Tp*CrCl,(L)] (14: L = THF; 15: L = H,0; 16: L = DMAP).
Some of these Tp* complexes, 4, 8, 12, 13, 15, and 16 were crystallographically characterized to have discrete octahedral
geometry containing the facial coordination of the Tp* ligand.

Tris(pyrazol-1-yl)hydroborate ( = Tp) and its derivatives
typically serve as tridentate mono anionic six-electron donor
ligands,'— which are isoelectronic to cyclopentadienyl li-
gands. Moreover, the Tp ligand provides a sterically hin-
dered coordination environment.** The transition metal com-
plexes bearing the Tp ligand have mostly been prepared by
the metathesis reactions of metal halide compounds with
an alkali metal Tp compound such as NaTp. In contrary
to the successful synthesis of mono Tp complexes of late
transition metals, the preparation of Tp complexes of early
transition metals has been less investigated because of dis-
advantages of metathesis reaction; contamination of insepa-
rable by-products, such as NaCl, hampered the isolation of a
pure product and, in some cases, unexpected reduction of the
starting compounds resulted in a complex mixture.'~ For
the synthesis of the Tp complexes of early transition metals,
mutual synthetic approaches by increasing the solubility of
the Tp ligand and the starting halometal compounds have
been examined. Introduction of a bulky alkyl substituent
such as a r-butyl group at the 3-position of the pyrazol-

1-y! ring afforded mono Tp complexes of early transition
metals.® On the other hand, alkyl, alkylidene, alkoxide, and
alkyne complexes have been used as starting compounds
for the preparation of mono Tp complexes of Group 5 met-
als; the reactions of MesTaCl,, [Ta(=CHCMe;)Cl3(THF);],
and [NbCl3(OMe),], with KTp* (Tp* = tris(3,5-dimeth-
ylpyrazol-1-yl)hydroborate) have been reported to give
[Tp*TaMe;Cl],* [Tp*Ta(=CHCMe;)Cly],> and [Tp*Nb-
(O)CI(OMe)],'° respectively, and Tp™ niobium alkyne com-
plexes have also been prepared.'' "

An organosilicon compound such as Cp*SiMe; (Cp* =
n°-pentamethylcyclopentadienyl) has been employed for
preparing mono Cp* complexes of early transition
metals;'®!” however, the corresponding organosilicon deriva-
tives of Tp*, which are expected to be reagents for the prepa-
ration of mono Tp* complexes, have not been isolated to
date due to their thermal instability."® Since a Cp* organo-
tin compound such as Cp*SnBus has also been used as the
Cp* transfer reagent, we found that a organotin compound,
[Tp*SnCIBu,] was a practical Tp* transfer reagent for Group
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4, 5, and 6 metals after systematical investigation on the
organotin compounds containing the Tp* ligand. A part of
this work was the subject of a preliminary communication.'

Results and Discussion

Reaction of [Tp*Sn(Cl); ,Bu,] (n =0, 1,2) with ZrCl,.

In order to find a better reagent for introducing a Tp* ligand
onto Group 4, 5, and 6 metals, we examined the reaction
of equimolar amounts of ZrCly and an organotin compound
of general formula [Tp*SnCh_,Bu,] I: n=0; 2: n=
I; 3: n=2) as a test for the preparation of the known
compound [Tp*ZrCl;] (4)® (Eq. 1) (Chart 1). These tin
compounds were prepared by the reactions of KTp™ with the
corresponding organotin compounds.*’

Tp*SnClanBuy,  +  2rCly
]
1—3 CDCla
H_ ~/
\B\ N
Vi o0 SMClnBu (1)
p +
N 7 l\ a NCl4-nBuUn
cl
4

The reactions of 2 and 3 with a stoichiometric amount of
ZrCly at room temperature were monitored by NMR spec-
troscopy. Each reaction gave 4 in quantitative yield after
10 min. The same reactions at —10 °C for 10 min gave 4
in 38% yield from 2 and in 65% yield from 3, respectively,
indicating that 3 is superior to 2 as the Tp*-transfer reagent.
In sharp contrast, the reaction of ZrCly with the trichloro
complex 1 did not give 4 at all under the same conditions.
The reactivity of these organotin compounds sensitively de-
pends on the number of the alkyl substituent on a tin metal;
the reactivity increased with the increase of the number of
the alkyl substituent. A trialkyl organotin compound such as
[Tp*SnBus] (5) might be expected to be more reactive than
3, but the compound 5, which was derived from the reaction
of KTp* and Bu3SnCl, was thermally too unstable even in
the solid state to use as the reagent. This is consistent with
the reported tendency that some Tp trialkyltin compounds
decomposed in solution.”? As a result, we chose 3 as the
reagent for the preparation of Tp* complexes of early tran-
sition metals.

Crystal Structures of Compounds 1—3.  In order to
get an insight into the reason why the compound 3 is superior
to the other tin compounds for the introduction of the Tp*
ligand, crystal structures of these tin compounds 1—3 were
determined by X-ray analysis (Figs. 1, 2, and 3). The selected
bond distances and angles are given in Table 1. We already

H 7™ N H\B/‘\ N Ho 77
~ ~ ™~
N"u, 'sln\‘“\c' N”I,,Isl n“‘\\CI N"'l,,sl ‘\\\\Cl
N
Cl Ci Bu
1 2 3
Chart 1.
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Fig. 1. ORTEP drawing of 1 with the numbering scheme.
Hydrogen atoms are omitted for clarity.

Cl(21) Cl(31)
Fig. 2. ORTEP drawing of one of two crystallographically

independent 2 with the numbering scheme. Hydrogen
atoms are omitted for clarity.

Ci(31)
ORTEP drawing of 3 with the numbering scheme.
Hydrogen atoms are omitted for clarity.

Fig. 3.

reported the preliminary structure of the compound 3, which
was refined as minimizing the F function;' however, the
structure of compound 3 together with those of compounds
1 and 2 were refined using F? function. These compounds
have a discrete pseudo octahedral geometry comprised of
the organotin SnCl;_,Bu, (n=0, 1, 2) fragment and the
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Fig. 4. The Sn—N distances (A) of compounds 1, 2, and 3 vs.
the number of butyl substituents. Circle (O) and solid circle
(@) represent the Sn—N bond trans to the chloride ligand

Table 1. Selected Bond Distances and Angles for 1—3%
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1 2% 21 3

Bond distances (A)
Sn—N(11) 2.12(1) 2.224(4) 2.23003) 2.33(2)
Sn—-NQ21) 2.27(1) 2.247(4) 2.268(4) 2.34(2)
Sn-N(@31) 2.195(3) 2.280(4) 2.271(4) 2.287(4)
av. Sn—-N 2.20 2.250 2.256 2.32
Sn—L(11) 2.397(4) 2.162(4) 2.151(4) 2.27(2)
Sn—-L(21) 2.346(5) 2.424(1) 2.4372(15) 2.05(2)
Sn-L(31) 2.387(1) 2.437(2) 2.4454(15) 2.492(2)

Bond angles (deg)
N(11)-Sn-N(21) 83.7(1) 79.9(1) 79.4(1) 74.6(2)
N(11)~Sn—-N(31) 83.5(5) 80.7(1) 80.4(1) 82.0(6)
N 1D-Sn—L(11) 171.9(3) 171.8(2) 172.0(2) 159.9(7)
N(11)-Sn—-1.(21) 91.7(4) 88.6(1) 88.1(1) 90.0(8)
N(11)-Sn-L(31) 90.3(4) 88.7(1) 88.7(1) 89.8(5)
N(21)~-Sn-N@31) 84.8(5) 85.8(1) 85.8(1) 83.8(6)
N(21)-Sn—-L(11) 89.8(4) 94.4(2) 94.3(2) 86.4(7)
NQ21)-Sn-L(21) 173.8(4) 168.4(1) 167.19(9) 164.6(9)
NQ21)-Sn-L.(31) 91.5(4) 90.3(1) 90.2(1) 86.9(5)
N@31)-Sn-L(11) 91.2(4) 93.1(2) 94.4(2) 89.8(8)
N(31)-Sn—-L(21) 90.6(4) 90.3 (1) 89.5(1) 94.5(9)
N@B1)-Sn-L(331) 173.1(2) 169.2(1) 169.0(1) 168.9(2)
L(11)-Sn-1(21) 94.43(5) 96.8(1) 98.0(1) 109.0(3)
L(11)-Sn-L(31) 94.6(2) 97.3(1) 96.1(1) 95.6(6)
L(21)-Sn-L(31) 92.7(2) 91.55(5) 92.15(5) 92.9(7)

a) 1, L(11)=CI(11), L(21) = Cl(21), and L(31) =Cl(31); 2, L(11)=C(11), L(21) = CI(21), and
L(31)=Ci31); 3, L(11) =C(11), L(21) =C(21), and L(31) = CI(31). b) Two crystallographically
independent molecules (2-1 and 2-II) of the complex 2 crystallize in a unit cell.
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Organotin compounds

and that trans to the butyl group, respectively.

Tp* ligand. The unit cell of 2 contains two crystallograph-
ically-independent molecules (2-1 and 2-II), both of which
have the same structure without any exceptional geometrical
difference (Table 1).

A noteworthy structural feature of 1—3 appears in the
Sn—-N(Tp* ligand) bond distance, which changes depending
on the number of the butyl substituents on the tin atom, as
shown in Fig. 4. The average Sn—N bond distance is longer
in the order: 1 (av. 2.20 A) < 2 (av. 2.250 A for molecule
2-I and av. 2.256 A for molecule 2-II) < 3 (av. 2.32 A).
This order is in good accordance with general propensity
that higher alkyl substituted tin compounds bearing a Tp or
its derivative have much longer Sn—N bonds due to the trans
influence of alkyl ligand(s) as o-donor."*#—2 An extremely
long Sn—N bond (2.388(1) A) has been reported for a per-
methyltin complex, [TpSnMe;].

In the compound 3, two Sn—N bond distances (2.33(2)
and 2.34(2) A) trans to the butyl group are longer than
that (2.287(4) A) trans to the chloro atom. This deviation
around the Sn atom accordingly resulted in the obtuse an-
gles of N(11)-Sn—C(11) (159.9(7)°) and N(21)-Sn—C(21)
(164.6(9)°). In sharp contrast to the case of 3, the complex
2 has the shorter Sn—-N(11) bond distance (2.224(4) A for
2-T and 2.230(3) A for 2-) trans to the butyl ligand than
those (2.247(4)—2.280(4) A) of Sn—N(21) and Sn-N(31)
trans to the chloride ligand. A similar trend has also been
observed in other mono aryl substituted organotin complexes
such as Tp’SnPhCl, (Tp’ = tris(3-methylpyrazol-1-yl)hydro-
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borate and tris(5-methylpyrazol-1-yl)hydroborate).?>** MO
calculations can rationalize this opposite tendency (vide in-
fra).

Variable-Temperature '"HNMR Study of 3. Com-
pound 3 in CDCl; exhibited temperature dependence in
THNMR spectroscopy, while the NMR spectra of 1 and 2 in
CDCl; did not show any temperature dependence in the tem-
perature region between —60 °C and 60 °C. The '"HNMR
spectra of the methine protons of the Tp* ligand of 3 at
various temperatures and their computer-simulated patterns
are shown in Fig. 5. At low temperature (below —20 °C),
two methine signals (6 = 5.74 and 5.83) were displayed in
a 2:1 ratio. These two signals broadened above 0 °C, coa-
lesced around 30 °C, and then turned a singlet at § = 5.76 at
65 °C; the spectral simulation for the methine signals gave
the activation parameters for 3 to be AG}(297 K) = 161
kcalmol™!, AH* =17+1 kcalmol™! and ASF =442 eu.
We measured the temperature-dependent ''>’Sn NMR of 3
in CDCl; between —20 and 60 °C; however only a sharp
singlet signal was observed at the whole temperature range
with a slight chemical shift change from § = —352.0 at —20

°Cto & = —348.4 at 60 °C; these chemical shift values are
0°C / in accordance with a 6-coordinated tin species, but not with a
5-coordinated tin species such as 6 (Chart 2). Thus, the flux-
ional character of 3 is rationalized by a simple rotation around
the B—Sn axis. The internal rotation around the B—metal axis
has been observed for Tp complexes of molybdenum.?—'
-20°C : L_ . ‘ H\B /\N
59 5.7 ppm 58 57 ppm \N— S,n"‘\Bu
Fig. 5. Experimental (left) and calculated (right) line shapes | gy
for 270 MHz 'H NMR spectra of the methine protons of the Cl
Tp* ligand in 3 in CDCl;. The asterisk marks the signals 6
due to impurities. Chart 2.

Table 2.  Selected Optimized Geometrical Parameters and Net Charge on the Tin Atom of 1—3 from the Ab Initio and the MNDO

Calculations'
1 2 3
Bond distances (A)
Sn(1)-N(11) 2.197 (2.238) 2.217 (2.254) 2.292 (2.358)
Sn(1)-N(Q21) 2.197 (2.233) 2.245 (2.316) 2.292 (2.358)
Sn(1)-N(31) 2.197 (2.236) 2.245 (2.322) 2.277 (2.398)
av. Sn(1)-N 2.197 (2.236) 2.236 (2.297) 2.287 (2.371)
Sn(1)-L(11) 2.422 (2.345) 2.191 (2.193) 2.212(2.158)
Sn(1)-L(21) 2.422 (2.346) 2.470 (2.362) 2.212 (2.158)
Sn(1)-L(31) 2.422 (2.346) 2.470 (2.362) 2.516 (2.376)
Bond angles (deg)
N(11)-Sn-L(11) 173.4 (171.5) 174.7 (170.6) 168.1 (161.3)
N(21)-Sn-L(21) 173.4 (167.3) 169.8 (165.0) 168.1 (161.3)
N@31)-Sn-L(31) 173.4 (169.3) 169.8 (167.0) 168.8 (170.3)

Net charge on tin

+1.782 (+1.023) +1.844 (+0.875) +1.878 (+0.778)

a) In the parentheses are given the values obtained from the MNDO calculations. b) 1, L(11) =
L(12)=L31)=Cl; 2, L(11)=C and L(21) =L(31) =Cl; 3, L(11)=L(21)=C and L(31) = Cl. See
Figs. 1, 2, and 3 for the numbering scheme.
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Ab initie MO Calculations of [Tp*Sn(Cl);_,Bu,]
(n=0,1,and 2). The ab initio MO calculations were per-
formed on compounds 1—3 to study the effect of alkyl sub-
stitutions on the structures. The geometry optimizations of
the organotin compounds were carried out at the HF/3-21G*
level of wave function using the Gaussian 94 program.* The
calculated bond lengths, bond angles, and net charges on tin
atom of 1-—3 are summarized in Table 2, together with those
from the MNDO calculations. The calculated geometries
of 1, 2, and 3 have Cs,, C;, and C,; symmetry, respectively,
while the experimental ones have no symmetry probably due
to some perturbation in crystals. The optimized geometrical
parameters of 1—3 are in good agreement with experimental
results and a trend that the stepwise replacement of a chlo-
ride ligand by a butyl group resulted in the elongation of the
Sn—N and Sn—Cl is well reproduced.

This tendency may be understood based on the orbital
interactions between fragments Tp* and SnCl;_,Bu,. The
schematic orbital interactions are drawn in Fig. 6. The frag-
ments of (N); group in the Tp* ligand have three group
orbitals suitable to form the Sn—N bonds; one a and two e
symmetry orbitals. The a and e orbitals of Sn in the SnCl;
fragment of 1 are mainly composed of the p, and the d,, and
d,, orbitals, respectively. The orbitals having the same sym-
metry interact to form three bonding and three anti-bonding
orbitals. The substitution of a chloride atom with a bu-
tyl group destabilizes the Sn orbitals since the orbitals have
larger anti-bonding coupling with carbon atom orbitals of the
butyl group than that of the chlorine atom orbital. The energy
difference, therefore, between interacting partner orbitals of
(N)3 becomes larger and the bonding interaction becomes
weak. Thus the Sn—N bond is weaker in the alkyl substituted
tin compound than that of unsubstituted one. In the complex
3 all interacting orbitals of Sn are more destabilized than
those in 2. Hence the Sn—N bonds become weaker and the

B <.

z B N /_ \‘\\
/- \N Y N\Sn A\“‘N
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Sn—N bond distances become longer than those in 2.

Among the three Sn—N bonds, the bonds trans to the bu-
tyl group are more elongated than that trans to the chloride
atom in 3, while the opposite tendency is found in 2. The e
symmetry orbital in 1 splits into the a’ and the b’ symmetry
orbitals in 2 and 3. The b’ symmetry orbital is higher in
energy than the a’ symmetry orbital. Therefore, the orbital
interaction between the b’ orbital of Sn and the e symmetry
orbital of (N); is weaker than that between the a’ symmetry
orbital of Sn and the e symmetry orbital of (N);. In complex
2, the interaction of b’ symmetry orbitals which contributes
to the Sn—N(¢rans to Cl) bonding interaction resulted in the
longer Sn—N(trans to Cl) bond distances. Similarly, the
disadvantage of the b’ symmetry orbital interaction results in
the longer Sn—N(¢rans to Bu) bond distances in 3.

The positive charge on the tin atom increases with an
increase in the number of the butyl groups bound to the tin
atom; the net charge is +1.782 in 1, +1.844 in 2, and +1.878
in 3, respectively. The butyl ligand acts as a stronger o-donor
than the chloride ligand in the Tp* organotin compounds. A
substitution of a chloride ligand with a butyl group decreases
the positive charge on the tin atom. On the other hand,
the butyl ligand weakens the other coordination bonds and
suppresses the electron donation from the other ligands. This
effect increases the positive charge on the tin atom. The
calculated results suggest that the latter may be larger than
the former in the organotin complexes.

Some comment is needed on the geometries and the net
charge on the tin atom of the organotin compounds obtained
from the MNDO calculations, which gave the sorter Sn—C
and Sn—Cl bonds and the longer Sn—N bonds than those
from the ab initio MO calculations. The positive charge
on the tin atom decreases going from 1 to 3; +1.023 in 1,
+0.875 in 2, and +0.078 in 3, respectively; this tendency is
the opposite of the result from the ab initio MO calculations.

—— .
AN . b’ ---- al
N =
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:": \-.a’--

4" e

.S _Sn __Sn
C(':I/ N Cdf/ ey Bé‘u/ N

of 2 of 3

Fig. 6. Schematic orbital interactions for 1—3.



1740 Bull. Chem. Soc. Jpn., 73, No. 8 (2000)

This suggests that the strength of the o-donor of butyl ligand
is overestimated by the MNDO method.

Synthesis of Tp* Complexes. On the basis of the
above findings, we applied the compound 3 to prepare Tp*
complexes of Group 4—6 metals.

Group 4 Metals. The reaction of 3 and ZrCl, in prepar-
ative scale produced 4 in 79% yield (Eq. 2). This convenient
synthetic method has an advantage compared with the previ-
ous reactions of KTp* and ZrCly in dichloromethane which
required the separation of the product from waste alkaline
" salts and, critically, two molar amounts of ZrCly to achieve a
high yield.”® Reaction of TiCly with an equimolar amount of
3in toluene gave a mono-Tp* titanium complex, [Tp* TiCl3]
(7)* in 89% yield as orange powder after a simple rinse to
remove SnCl,Bu;. We can prepare a Tp* hafnium com-
plex, [Tp*HfCl3] (8) in a similar manner, though the only
reported hafnium complex is [TpHf(Cp)Cl,1.3* Complex 8
was obtained in 90% yield by treating [HfCl4(THF),] with
an equimolar amount of 3 in toluene under reflux, while the
reaction at room temperature did not proceed at all. In con-
trast, the reaction of HfCly with 3 in toluene gave only trace
to negligible yield of 8, presumably due t o the low solubility
of HfCly in toluene. Spectral data indicated the octahedral
geometry of these Tp* complexes.

Ho ~~
~
N.._ ] Cl
Srin +  MClly
&N’ { ~Bu
Bu
3
Ho ~—~
BLy 'i‘
—_—— g, | WCl B )
M + uaSnClp
toluene N/ i \C|
Cl
4 M=2Zr
7-M=Ti
8 M=Ht

Group 5 Metals.  We preliminary reported mono Tp*
complexes of niobium and tantalum;'® the reaction of 3 with
a stoichiometric amount of [NbCl4(THF), ] or [NbCls(OEt), ]
in toluene gave [Tp*NbCls] (9), while the similar reaction
with TaCls gave [Tp*TaCl3][TaC16] (10) (Chart 3). The
previous syntheses of TpMCl,-type complexes of niobium
and tantalum using alkaline metal Tp compound have mostly
resulted in tcomplex mixtures and crystallographically char-
acterized TpMCl,-type complexes of niobium and tantalum
have never been reported.*>?

We applied our method to prepare Tp* complexes of vana-
dium. A vanadium(Ill) complex [VCIl3(THF);] readily re-

HegZ N Hoor >~y a |
k N””N‘b\\‘c‘ k\NII,ITI ‘“\C| Cl"l,TI .uC'
N7 I N isel| e ~a
Cl Cl Cl
o 10

Chart 3.

HEADLINE ARTICLES

acted with an equimolar amount of 3 in THF to give a mono-
Tp* vanadium complex [Tp*VCI,(THF)] (11) in 73% yield
(Eq. 3), though a Tp analog was reported.”’ The green crystals
of 11 became opaque upon exposure to argon atmosphere due
to the release of the coordinated THF. The THF molecule
is easily substituted by the other donor molecule DMAP
( = 4-dimethylaminopyridine). Treatment of 11 with DMAP
in THF at room temperature afforded [Tp*VClz(DMAP)]
(12) as green crystals in good yield (Eq. 3), characterized by
X-ray analysis.

~~
H\B\ N
kN"‘slrf“‘C' +  VCIy(THF).
N 1 “Bu s °
Bu
3
H, ~— '\N
.ﬂ—» \NI I Cl (3)
gy + BusSnCl
THF & V. 25nCl
N e
L
11 (L=THF)
12 (L =DMAP)

Moreover, compound 3 is an useful reagent to prepare
a Tp™ vanadium(V) complex possessing an imido ligand,
though the related imido complexes have been prepared
by the metathesis reaction of VCI3(=NR) with KTp* and
were found to be a catalyst for the polymerization of eth-
ylene and propylene upon combing with MAQ.* Treatment
of VCI3(=NCgH3Me,-2,6) with an equimolar amount of 3
in hexane at 60 °C for 12 h resulted in the formation of
[Tp*VCL(=NCsH3Me,-2,6)] (13) in 84% yield (Eq. 4). The
diamagnetic vanadium(V) d° complex 13 can be character-
ized by spectral data and X-ray analysis. The 'HNMR spec-
trum of 13 shows two sets of the proton signals due to the
pyrazolyl moieties of the coordinated Tp* in the expected
integral ratio of 2: 1. Two nonequivalent methyl signals and
three different aromatic protons due to one 2,6-xylyl moiety
indicate the presence of a mirror plane passing through the
aromatic plane. The electronic spectrum of 13 showed a
characteristic intense band at Ay, =412 nm attributed to a
LMCT band from a filled N(ps) orbital to an empty V(dr™)
orbital ¥

Ho 7™~
Bl N Me
N...J
/Sn; CI3V=N
N” | "Bu
Bu Me
3
Ho ~—™~
__62_‘:(.:_> E\N'q T Cl 4)
g g BusSnCl (
M + 2
hexane N e
N
MeﬁMe
13
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Chromium Complexes. Hydrotris(pyrazolyl)borate
complexes of chromium have rarely been reported,**—* de-
spite there are many Tp complexes of molybdenum and
tungsten.! Compound 3 has proven to be an effective Tp™*
transfer reagent for the synthesis of a mono-Tp* chromium
complex. The reaction of [CrCl3(THF);] with an equimo-
lar amount of 3 in THF afforded [Tp*CrCl,(THF)] (14) as
green crystals in 90% yield (Eq. 5). The IR spectrum of 14
showed an strong absorption at 860 cm ™!, indicating a THF
molecule coordinated to the chromium center.

H,_~ ~N
N‘~| \\C‘
/Sn‘N +  CrCly(THF);
N” | TBu
Bu
3
H\ /-\N
60 °C N, | Cl
—_— oy + BupSnCi (&
THF N el 2SnClz )

L

14 (L=THF) :I
15 (L=H0) l
18 (L= DMAP)

The THF molecule of 14 can be replaced by water. Recrys-
tallization of 14 from aqueous THF gave an aqua complex
[Tp*CrClz(HZO)] (15) in quantitative yield (Eq. 5). The
water molecule bound to the metal was revealed by IR spec-
troscopy (a sharp absorption band at 3300 cm ™). The THF
molecule of 14 can also be replaced by an amine such as
DMAP; treatment of 14 with an equimolar amount of DMAP
led to the formation of [Tp*CrCl,(DMAP)] (16) in 87%
yield. The structures of these chromium complexes were
determined by combustion analyses and X-ray studies.

Structural Features of Tp* Complexes of Zirconium,
Hafnium, Vanadium, and Chromium.  The solid state
structures of 4, 8, 12, 13, 15, and 16 were determined
by single-crystal X-ray crystallography, and their ORTEP
drawings and selected bond lengths and angles are shown
in Figs. 7, 8,9, 10, 11, and 12 and Tables 3, 4, and 5,

CK31) Cl(21)

ORTEP drawing of complex 4 with the numbering
scheme. Hydrogen atoms are omitted for clarity.

Fig. 7.
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cy31) ci(21)
Fig. 8. ORTEP drawing of 8 with the numbering scheme.
Hydrogen atoms are omitted for clarity.

"m.

1(31) Cl(21)

Fig. 9. ORTEP drawing of 12 with the numbering scheme.
Hydrogen atoms are omitted for clarity.

Fig. 10. ORTEP drawing of 13 with the numbering scheme.
Hydrogen atoms are omitted for clarity.
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Fig. 11. ORTEP drawing of one of the two crystallograph-
ically independent molecules of 15 with the numbering
scheme. Hydrogen atoms are omitted for clarity.

Fig. 12. ORTEP drawing of 16 with the numbering scheme.
Hydrogen atoms are omitted for clarity.

respectively; we also determined the crystal structure of 7,
but it has recently been reported.* As expected from the an-
alytical and spectroscopic data, these are discrete mononu-
clear molecules having a facially coordinating tridentate Tp™*
ligand and three other ligands and they adopt the distorted
octahedral geometry; the three N-M-N angles within the
Tp*M fragment are, as usual, less than 90° and the three
trans N-M-L angles deviate from ideal 180°, as a conse-
quence of the chelate nature of the Tp* ligand.

Complexes 4 and 8 essentially have the same structure due
to lanthanoid contraction. The average Zr-N bond distance
(2.282 A) of 4 s slightly shorter than that (2.311 A) found for
[Tp*ZrCI(OCsHsMe;-2,6):1,% where m-donation from the
oxygen atom to the metal center resulted in the elongation of
the Zr-N bond trans to the aryloxo ligand.

Six- coordinated Tp* complexes of vanadium and
chromium have the same geometry around the metal cen-
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Table 3. Selected Bond Distances and Angles for Tp* Com-
plexes of Zirconium and Hafnium

4 8

Bond distances (A)
M-N(11) 2.280(4) 2.38(2)
M-N(21) 2.286(6) 2.288(8)
M-N(@31) — 2.15(2)
M-CI(11) — 2.352(7)
M-CI(21) 2.399(2) 2.399(3)
M-CI(31) 2.385(2) 2.415(6)

Bond angles (deg)
N(11)-M-N(21) 80.9(1) 82.3(5)
N(11)-M-N(@31) — 80.8(3)
N(11)-M-CI(11) — 167.7(4)
N(11)-M-Cl1(21) 91.0(1) 95.3(4)
N(11)-M-C1(31) 90.9(1) 87.8(4)
N(21)-M-N(31) — 82.5(6)
N(21)-M-CI(11) — 85.94)
N(21)-M-C1(21) 169.5(1) 168.1(3)
N(21)-M—C1(31) 90.7(1) 94.9(4)
N@G1)-M-CI(11) — 94.2(5)
N(@31)-M-Cl(21) — 85.6(5)
N(@31)-M-CI(31) — 168.5(5)
Cl(11)-M-CI(21) — 95.5(2)
CI(11)-M-C1(31) — 96.8(1)
Cl21)-M-Cl1(31) 96.30(6) 96.7(1)

a) For complex 8, N(31) = N(11)*, Cl(11) = CI31)*.

Table 4. Selected Bond Distances and Angles for 12 and 13

12 13
Bond distances (A)
V-N(11) 2.124(4) 2.226(2)
V-N(21) 2.118(4) 2.112(3)
V-N(31) 2.155(4) 2.120(3)
V-N@41) 2.135(4) 1.687(3)
V-CIQ21) 2.345(2) 2.303(1)
V-CI(31) 2.328(2) 2.290(1)
Bond angles (deg)

N(11)-V-N(21) 88.0(2) 84.90(10)
N(11)-V-N(31) 87.1(1) 83.01(9)
N(11)-V-N(@41) 175.7(2) 177.3(1)
N(11)-V-CI(21) 92.1(1) 88.30(7)
N(11)-V-CI(31) 92.6(1) 85.68(7)
N(21)-V-N(31) 83.7(2) 83.83(10)
N(21)-V-N(41) 89.9(2) 92.6(1)
NQ1)-V-CI221) 173.5(1) 170.04(7)
NQ21)-V-CI(31) 91.5(1) 88.75(7)
N@31)-V-N@41) 89.0(2) 95.7(1)
N(31)-V-CI(21) 89.8(1) 89.57(8)
N@1)-V-CI(31) 175.2(1) 166.97(7)
N@1)-V-CI1(21) 89.6(1) 94.03(10)
N@1D-V-CI(31) 91.3(1) 95.37(10)
CI(21)-V-CI(31) 94.97(6) 96.56(4)
V-N(@41)-C41) —_ 175.7(3)

ter, if they have the same ligand. Two DMAP adducts 12
and 16 are isomorphous; both vanadium and chromium cen-
ters adopt the octahedral geometry comprised of a facial (N)3
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Table 5. Selected Bond Distances and Angles for Chromium Complexes 15 and 16

15-1 15-11 16
Bond distances (A)
Cr-N(11) 2.051(4) 2.045(4) 2.072(4)
Cr-N(21) 2.073(6) 2.070(6) 2.083(5)
Cr-N(31) 2.069(5) 2.082(5) 2.094(5)
Cr-0(11) 2.017(4) 2.007(4) —
Cr-N(41) — — 2.087(4)
Cr-C1(21) 2.315(2) 2.309(3) 2.315(2)
Cr-CI(31) 2.319(2) 2.319(2) 2.321(2)
Bond angles (deg)
N(11)-Cr-N(21) 87.3(2) 88.8(2) 86.9(2)
N(11)-Cr-N(31) 89.0(2) 87.7(2) 86.9(2)
N(11)-Cr-0(11) 173.8(2) 174.4(2) —
N(11)-Cr-N(41) — — 173.0(2)
N1 1)-Cr-Cl(21) 99.3(2) 93.4(2) 92.3(1)
N(11)-Cr-CI(31) 92.6(1) 93.3(1) 92.9(1)
N(21)-Cr-N(31) 87.4(2) 86.5(2) 88.1(2)
N(21)-Cr-O(11) 87.7(2) 88.1(2) —
N(21)-Cr-N(41) — — 88.6(2)
N2 D-Cr-C121) 178.1(2) 177.3(1) 178.8(1)
NQ1)-Cr-Ci(31) 91.6(1) 90.5(1) 90.0(1)
N@G31)-Cr-0(11) 87.0(2) 87.5(2) —
N(31)-Cr-N41) — — 87.6(2)
N@G1)-Cr-CI21) 90.8(2) 92.0(2) 91.0(1)
NG 1D)-Cr-CI(31) 177.0(1) 176.9(2) 178.1(2)
O(1)-Cr-ClI(21) 91.6(1) 89.6(2) —
O(11)-Cr-CI(31) 90.1(1) 91.4(1) —
N(41)-Cr-CI1(21) — — 92.1(1)
N@41)-Cr-Cl1(31) — — 92.4(1)
C121)-Cr-CI(31) 90.16(7) 90.90(7) 90.87(7)

coordination of the Tp* ligand, two chloride atoms and one
nitrogen atom of DMAP. The average V-N bond distance
(2.132 A) of the Tp* ligand in 12 is longer than that (2.083
A) found for 16, and the bond distance (2.135(4) A) of V-N-
(41) in 12 is also longer than that (2.087(4) A) of Cr-N(41)
in 16. An aqua chromium complex 15, which crystallized
as two crystallographically-independent molecules 15-1 and
15-I, has a water ligand and its structure is quite normal.

The whole structural feature of a vanadium(V) imido
complex 13 is quite similar to that of reported complexes,
[Tp*V(=NCgH;Pr,-2,6)C1** and [TpV(=N'Bu)CL,]* along
with an oxovanadium analog [Tp*V(=0)CI(O’'Bu)].*" The
bond distance (1.687(3) A) of V-N(41) and the bond angle
(175.7(3)°) of V-N(41)-C(41) in 13 were comparable with
those observed in [Tp*VClz(:NCngPr2-2,6)] (1.693(4) A
and 173.7(3)°, respectively). For the Tp* ligand of 13, the
V-N(trans to the imido ligand) bond distance (2.226(2) A)
is longer than the V-N(cis to the imido ligand) distances
(2.112(3) and 1.120(3) A) due to the multiple bond character
of the V-N(41), whose distance is significantly shorter than
the bond distance (2.135(4) A) of V-N(41) found for the
DMAP adduct 12.

Conclusion

The reactivity of Tp* organotin compounds of general
formula [Tp*SnClg_nBu,,] 1: n=0; 2: n=1;3: n=2)

toward halometal complexes of early transition metals has
been elucidated by using the test reaction with an equimolar
amount of ZrCly to produce [Tp*ZrCls] (4). As a result, 3
has proved to be a useful reagent as mono Tp* complexes
of various early transition metals. Structural analyses of
these organotin compounds indicated that the complex 3 has
a longer average Sn—N bond than those of complexes 1 and
2, presumably due to the strong trans-influence of the butyl
ligand. Such a tendency has been understood on the basis
of the ab initio calculations. Thus, we applied compound 3
for the preparation of a variety of Tp* complexes of Group
4 and 5 metals and chromium, whose structures were char-
acterized by spectral measurements and by X-ray crystallo-
graphic analyses. Although our synthetic method required
pre-preparation of the organotin compound 3, this has re-
markable advantages to prepare early transition metal halo
complexes under mild conditions and to isolate the product
only by a simple operation.

Experimental

General.  All manipulations involving air- and moisture-sen-
sitive organometallic compounds were carried out using standard
Schlenk techniques under argon. Dichloromethane was washed
with water and then distilled under argon after drying over P,Os.
THF, toluene, and hexane were dried over sodium benzophe-
none ketyl or P2Os, and then distilled before use. Compounds
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[Tp SnCls] (1), [Tp SnCl,Bu] (2), and [Tp SnCIBu;] (3) were
prepared according to the literature procedures. 21 $nCly, BuSnCls,
and Bu;SnCl, were purchased from Nacalai Tesque, Inc.

'H (270 MHz) and '**$n (110 MHz) NMR spectra were measured
on a JEOL INM-GSX-270 spectrometer. All 'HNMR chemical
shifts were reported in ppm relative to protio impurity resonance as
follows: chloroform-d, singlet at 7.26 ppm; benzene-ds, singlet at
7.20 ppm, dichloromethane-d,, triplet at 5.35 ppm. Other spectra
were recorded by the use of the following instruments: IR, JASCO
FT/IR-120; UV/vis spectra, JASCO V-570; ESR spectra, Bruker
EMX 10/12. Elemental analyses were performed on a Perkin-Elmer
2400 microanalyzer. All melting points were measured in sealed
tubes and were not corrected.

Reaction of ZrCl; with Organotin Tp* Compounds.  To
a suspension of ZrCly in CDCl; (0.01 mmol mL™ "y at amblent
temperature was added an equimolar amount of an organotin Tp*
compound. The reaction mixture was stirred rapidly for 10 min,
and then the mixture was quickly transferred into an NMR tube via
a syringe. The tube was cooled below —40 °C and then sealed. The
'"HNMR spectrum of the reaction mixture containing [Tp*ZrCl3]
(4) as a product was recorded at --40 °C.

Preparation of [Tp*ZrCl3] @). To a suspension of ZrCls
(138.3 mg, 0.512 mmol) in dichloromethane (5 mL) was added
dropwise 3 (289.5 mg, 0.512 mmol) at room temperature. After the
reaction mixture was stirred for 2 h, the resulting off-white solid
of 4 was filtered off, and then washed with a portion of hexane.
Recrystallization from a mixture of dichloromethane and hexane

—20 °C gave 4 (106.6 mg, 79% yield) as colorless crystals, mp
> 300 °C (decomp). '"HNMR (CDCls) 6 =2.40 (s, 9 H), 2.68 (s,
9 H), 5.84 (s, 3 H). IR (nujol/KBr) 2563 (vs—u) cm~ . Anal. Calcd
for C1sH»BCLNgZr: C, 36.41; H, 4.48; N, 16.99%. Found: C,
36.03; H, 4.51; N, 16.67%.

Preparation of [Tp* TiClk] (7). To a solution of TiCly (284.5
mg, 1.5 mmol) in toluene (15 mL.) at room temperature was added a
solution of 3 (848.4 mg, 1.5 mmol) in toluene (10 mL) via syringe.
The color of the reaction mixture gradually turned red accompanied
by the precipitation of reddish product while stirring for 12 hatroom
temperature. All volatiles were removed under reduced pressure,
and then the resulting residue was washed with toluene (20 mL) and
hexane (40 mL), giving orange solids of 7 (598.3 mg, 89% yield).
Analytically pure 7 was obtained by the recrystallization from a
mixture of dichloromethane and hexane at —20 °C, mp > 300 °C
(decomp). "HNMR (CDCls) 6 =2.38 (s, 9 H), 2.76 (s, 9 H),
5.84 (s, 3 H). IR (nujol/KBr) 2557 (vs—n) cm™!. Anal. Calcd for
C1sH»BCI3NgTi: C, 39.91; H, 4.91; N, 18.62%. Found: C, 39.60;
H, 4.86; N, 18.42%.

Preparation of [Tp* HfCl3] (8). A reaction mixture of 3 (698.4
mg, 1.08 mmol) and [HfCLL(THF),] (501.8 mg, 1.08 mmol) in tol-
uene (20 mL) was heated at reflux for 12 h. The reaction mixture
was concentrated under reduced pressure. The resulting off-white
solids were filtrated off and then were washed with toluene to give
8 (565.2 mg, 90% yield). Recrystallization from a mixture of di-
chloromethane and hexane at —20 °C gave an analytical pure 8,
mp > 300 °C. '"HNMR (CDCl3) 8 =2.40 (s, 9 H), 2.69 (s, 9 H),
5.88 (s, 3 H). IR (nujol/KBr) 2563 (v8-n) cm™!. Anal. Calcd for
C1sH»BCL3HINg: C, 30.95; H, 3.81; N, 14.44%. Found: C, 30.60;
H, 3.83; N, 14.27%.

Preparation of [Tp’|< VCLL,(THF)] (11). A mixture of 3 (216.8
mg, 0.38 mmol) and [VCI3(THF)3] (143.2 mg, 0.38 mmol) in THF
(20 mL) was heated at 60 °C for 12 h. The solvent was removed
under reduced pressure. The residue was washed with hexane.
Recrystallization of the product from a mixture of THF and hexane

HEADLINE ARTICLES

—20 °C gave 11 (137.2 mg, 73% yield) as green crystals, mp
292-295 °C (decomp). IR (nujol/KBr) 2544 (vg—u) cm™ . Anal.
Calcd for C19H30BC12N6OVZ C, 46.46; H, 6.16; N, 17.11%. Found:
C, 45.80; H, 5.99; N, 17.34%.

Preparation of [Tp*VCL,(DMAP)] (12).  4-Dimethylamino-
pyridine (7.4 mg, 0.06 mmol) was added to a solution of 11 (29.9
mg, 0.06 mmol) in THF (2 mL). The reaction mixture was stirred for
1 h at room temperature. After removal of volatiles under reduced
pressure, the product residue was crystallized from a mixture of
dichloromethane and hexane, giving 12 as green crystals (34.1 mg,
89% yield), mp > 300 °C (decomp). IR (nujol/KBr) 2549 (ve—n)
em~'. Anal. Caled for C»H3BCLNsV(CHCl): C, 44.12; H,
5.47; N, 17.90%. Found: C, 44.02; H, 5.48; N, 17.76%.

Preparation of [Tp* VCL(=NCsH3Me2-2,6)] (13). A solution
of VCl3(=NCgH3Me;-2,6) (115.5 mg, 0.42 mmol) and 3 (236 3mg,
0.42 mmol) in hexane (10 mL) was heated at 60 °C for 12 h. The
resulting dark green solids were filtrated off and then washed with
hexane to leave 13 (190.0 mg, 84% yield). Recrystallization from a
mixture of dichloromethane and hexane at room temperature gave
an analytically pure 13 as black crystals, mp 242—246 °C (decomp).
THNMR (C¢D¢) & = 1.92 (s, 3 H), 2.04 (s, 6 H), 2.18 (s, 3 H), 2.46
(s, 6H), 3.11 (s, 3 H), 3.95 (s, 3 H), 545 (s, 2 H), 5.61 (s, 1 H),
6.39—6.42 (m, 1 H), 6.60—6.75 (m, 1 H), 6.85—6.95 (m, 1 H).
UV/vis (CHyCl) Amax 412 nm (= 1.4x10° M~ em™ ) (1M =1
moldm ™). IR (nujol/KBr) 2547 (vs—u) cm™'. Anal. Caled for
Cx3H31 BCLN;V: C, 51.33; H, 5.81; N, 18.22%. Found: C, 50.77;
H,5.89; N, 18.22%.

Preparation of [Tp*CrClz(THF)] 14). To a solution of
[CrCL(THF)3] (325.6 mg, 0.85 mmol) in THF (20 mL) was added
dropwise a solution of 3 (480.7 mg, 0.85 mmol) in THF (10 mL).
The reaction mixture was heated at 60 °C for 12 h. The resulting
dark green solids were filtrated off and then washed with hexane to
leave 14. Recrystallization from a mixture of THF and hexane at
—20 °C afforded 14 as green crystals (376.6 mg, 90% yield), mp
251--253 °C (decomp). IR (nujol/KBr) 2540 (vs--n), 860 (vc—0—)

m~". Anal. Calcd for C1sH3oBCLCiN¢O: C, 46.37; H, 6.14; N
17.07%. Found: C, 47.00; H, 6.40; N, 17.44%.

Preparation of [Tp* CrCL:(H;0)] (15). Complex 14 (95.9
mg, 0.19 mmol) was dissolved in wet THF (0.5 mL), and then
slow evaporation of the solvent under air gave 15 as green crys-
tals (66.6 mg) in 80% yield, mp 215—218 °C (decomp). IR
(nujol/KBr) 3330 (vo-u), 2560 (¥g—n) cm =!_ Anal. Calcd for
C1sHxBCLCrNs(C4HsO)s:  C, 46.17; H, 6.64; N, 15.38%.
Found: C, 46.00; H, 6.24; N, 15.56%.

Preparation of [Tp* CrCl:(DMAP)] (16).  To a solution of
14 (56.4 mg, 0.11 mmol) in THF (20 mL) was added dropwise a
solution of 4-dimethylaminopyridine (13.4 mg, 0.11 mmol) in THF
(5 mL). The reaction mixture was stirred at room temperature for 2
h, and then the resulting green powder was collected by filtration and
washed with hexane. The product was extracted with THF, and then
recrystallization from THF at room temperature afforded 16 as dark
green crystals (54.2 mg, 87% yield), mp > 300 °C. IR (nujol/KBr)
2540 (va-n), 1620 (w—c) cm™"'. UV/vis (CH2Clz) Amax 362 nm

(=708 M~'cm™'. Anal. Calcd for C2;HBCl,CrNg(CsHsO)oss:
C, 49.85; H, 6.27; N, 19.38%. Found: C, 49.64; H, 6.80; N,
18.92%.

Spectral Simulations.  The simulated spectra were calculated
with use of the gNMR computer program. The experimental and
simulated spectra were matched by visual comparison of the spectra.
The Eyring plot of In (k/T) vs. 1/T was made on a computer using
a standard least-squares analysis. The slope y intercept of the line
were obtained directly from the calculator.
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Computational Methods.  Ab initio Calculations.  The
ab initio MO calculations were performed on the DEC/Alpha400
workstation using Gaussian 94.%

MNDO Calculations.  The semiempirical calculations were
carried out using standard MNDO method and parameters, as im-
plemented in the MOPAC 93 package of computer programs. The
MNDO calculations were performed on the SX-4 computer at Com-
putation Center Osaka University.

Crystallographic Data Collections and Structure Determi-
nation of 13, 4, 8, 12, 13, 15, and 16. Data Collection.
All suitable crystals were mounted in glass capillaries under argon
atmosphere. Data for each complex were collected by a Rigaku
AFC-7R diffractometer with a graphite monochromated Mo Ka
(A =0.71069 A) radiation and a 12 kW rotating anode generator.
The incident beam collimator was 1.0 mm and the crystal to de-
tector distance was 285 mm. Cell constants and an orientation
matrix for data collection, obtained from a least-squares refinement
using the setting angles of 25 carefully centered reflections cor-
responded to the cells with dimensions listed in Tables 6 and 7,
where details of the data collection were summarized. The weak
reflections (I < 100(l)) were rescanned (maximum of 2 rescans)
and the counts were accumulated to assure good counting statis-
tics. Stationary background counts were recorded on each side
of the reflection. The ratio of peak counting time to background
counting time was 2 : 1. Three standard reflections were chosen and
monitored every 150 reflections.

Data Reduction.  An empirical absorption correction based
on azimuthal scans of several reflections was applied. The data
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were corrected for Lorentz and polarization effects. The decay
of intensities of three representative reflections was —0.31% for
1, —0.29% for 2, —1.46% for 3, —3.07% for 4, —0.42% for 8,
—0.25% for 13, —24.03% for 15, and —2.55% for 16, and thus
linear correction factors were applied to the decay of these observed
data. Complex 12 showed no decay.

Structure Determination and Refinement.  All calculations
were performed using a TEXSAN crystallographic software pack-
age, and illustrations were drawn with ORTEP. Crystallographic
calculations were performed on IRIS Indigo workstation. The struc-
ture was solved by convenient direct methods; complexes 1, 2, 3,
4, and 15 by SHELXS 86,"® complex 8 by a Patterson method
(SAPI),* and complexes 12, 13, and 16 by a Patterson method
(PATTY).*® A series of standard full matrix least-squares refinement
and Fourier synthesis revealed the remaining atoms. For complexes
1—3, 4, and 8, all hydrogen atoms were placed by the calculated
position (C-H and B-H =0.95 A). For complexes 12, 13, 15, and
16, all hydrogen atoms were found in a difference Fourier map. For
three tin complexes 1—3, the structure was refined on F? and the
function minimized was [S w(F2— F2)]. The function R, and wR,
were (||Fol — |Fel)/ S| Fol and [ w(F2 — F22 /S w(FH]'2, re-
spectively. For complexes 4, 8, 12, 13, 14, and 15, measured non-
equivalent reflections with / > 3.00(I) were used for the struc-
ture determination. In the subsequent refinement the function
Sw(|Fo| —|F:|)* was minimized, where |F,| and |F.| are the ob-
served and calculated structure factors amplitudes, respectively.
The agreement indices are defined as R=3_||Fo|—|F.|| /> |Fo} and
Ry = [ w(|Fo| = |[FD? /S w(|Fo)*1'/2. Atomic positional param-

Table 6. Crystal and Refinement Data for 1—3

Complex 1 2 3

Formula C]stzBChN(,Sn C]gH;] BClzN(,Sn Cz}HmBClNe,SH

Formula weight 52224 543.90 565.56

Cryst system Monoclinic Monoclinic Monoclinic

Space group P2, (#4) P2y /c (#14) P2y (#4)

a/A 8.128(2) 12.284(5) 8.360(2)

b/A 14.195(4) 16.207(7) 18.329(3)

C/A 9.213(1) 24.7720(4) 9.400(2)

Pldeg 100.30(1) 96.26(2) 104.45(2)

Z 2 8 2

V/A3 1045.9(4) 4892(3) 1394.8(5)

Deacal/g cm ™ 1.658 1.477 1.347

Radiation MoKa MoKa Mo Ka

Reflections measd +h, +k, £/ +h, +k, +1 +h, +k, +{

Crystal size/mm 0.2x0.3x0.3 0.1x0.3x0.6 0.2x0.5%x0.5

Abs. coeff/cm™’ 16.16 12.80 10.32

Scan mode w-26 w-26 w26

Temp/°C 20 20 20

2 Gman/deg 55.0 55.0 55.1

Data collected 2671 11714 3512

Unique data 2506 (Rine=0.031) 11200 (R =0.043) 3299 (R;yw=0.032)

No. of observation 2158 7274 2157

I>20()

No. of variables 234 559 283

Ry (I>20(D) 0.026 0.041 0.039

wRy (I>20(1)) 0.059 0.095 0.076

R, (all data) 0.039 0.093 0.093

wR; (all data) 0.063 0.112 0.090

GOF on F? 1.053 1.013 1.013

AleA™? 0.356 (max) 0.595 (max) 0.376 (max)
—0.611 (min) —0.808 (min) —0.517 (min)
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eters for the non-hydrogen atoms of all complexes are given in
Supporting Information.

Crystallographic data have been deposited at the CCDC, 12
Union Road, Cambridge CB2 1EZ, UK and copies can be ob-
tained on request, free of charge, by quoting the publication citation
and the deposition numbers 144538-144545. The data are also de-
posited as Document No. 73041 at the Office of the Editor of Bull.
Chem. Soc. Jpn.

We appreciate Dr. T. Yamagata (Osaka University) for his
guidance to X-ray analysis. This work was financially sup-
ported by a Grant-in-Aid for Scientific Research on Priority
Area from the Ministry of Education, Science, Sports and
Culture. K.M. appreciates the partial financial support from
the Yamada Science Foundation.

Supporting Information

Details of crystal structure determination of 1—3, 4, 8, 12, 13, 15,
and 16; final positional parameters, final thermal parameters, bond
distances and angles together with drawings showing the atom-
numbering scheme (104 pages).
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