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The reaction of LTiCl3 (1) (L ) HC(CMeN(2,6-iPr2C6H3))2, nacnac) with MeLi · (Et2O)0.14 in tolu-
ene afforded the stable Ti(IV) alkyl complex LTiMe3 (1). Reaction of 1 with 2 equiv of AlMe3 in toluene
resulted in the formation of LTi(Me)dCH(Al2Me5) (2) in high yield. Compounds 1 and 2 were
characterized by X-ray structural analysis, NMR, IR, mass spectrometry, and elemental analysis. The
Ti-CH bond length (1.880(2) Å) of 2 is in the range of a short Ti-C bond. This was additionally
supported by NMR and DFT calculations. Compound 2 polymerized ethylene without adding any
cocatalyst, although activity is low; the best TOF value was 2.4 × 104 g(polymer)/mol catalyst · h · bar.

Introduction

Organometallic reagents bearing titanium and aluminum at the
same carbon atom, such as Tebbe’s reagent,1 have attracted great
interest in both academia and industry over the last decades. They
have found wide application in organic synthesis for conversion
of ketones to terminal olefins,2 in olefin metathesis,3 in carbonyl
alkylidenation,4 and for the synthesis of metallacyclobutanes.5

Tebbe-type complexes have been obtained from Ti(IV) chloride
or Ti(IV) alkyl complexes and AlMe3. These complexes consist

of a Ti(IV) center with single bonds to one or two bridging CH2

groups.1,6 To date, Cp2Ti(µ-Cl)(µ-CH2)Al(CH2CMe3)2 remains the
only Tebbe complex to have been structurally characterized by
X-ray diffraction.7 When treated with Lewis base, Tebbe’s
compound can be transformed into the transient methylidyne
titanocene Cp2TidCH2,1 which is the reactive intermediate in
organic transformations.2b The recently reported Tebbe derivative
(PNP)TidCtBu(µ-Me)AlMe2 (PNP ) [2-{P(CHMe2)2}-4-methyl-
phenyl]2N-) was prepared from (PNP)TidCtBu(CtBu2) and
AlMe3.8 A number of complexes with bridging carbon atom, CH2,
or Me groups have been obtained by reaction of Cp*(R3PN)TiMe2

(Cp* ) Cp, indenyl; R ) iPr, Cy, Ph) or (tBu3PN)2TiMe2 with an
excess of AlMe3, affording for example Cp*Ti(µ-Me)(µ-NPR3)(µ4-
C)(AlMe2)3 and CpTi(µ-Me)(µ-NPR3)(µ5-C)(AlMe2) · (AlMe3), re-
spectively.9 To the best of our knowledge only Cp*Ti(µ-Me)(µ-
NPiPr3)(µ3-CH)(AlMe2)2 contains a bridging CH group between
the titanium and aluminum centers.9c,10
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The synthesis and investigation of catalytically active het-
erometallic complexes containing the group 4 elements (Ti, Zr,
Hf) and aluminum are the focus of our interest.11 Herein we
report the preparation and characterization of the room-temp-
erature-stable LTiMe3 (1) (L ) HC(CMeN(2,6-iPr2C6H3))2) and
the first heterometallic Ti(IV)-Al(III) complex LTi(Me)d
CH(Al2Me5) (2) containing the TidCH[Al2Me4(µ-Me)] moiety
with a formal TidC bond.

Results and Discussion

Synthesis and Characterization of 1 and 2. The reaction
of TiCl4 with LLi in a ratio of 1:1 resulted in the formation of
LTiCl3 (L ) HC(CMeN(2,6-iPr2C6H3))2). We observed reduc-
tion of LTiCl3 to LTiCl2 (EPR, EI-MS),12 when LTiCl3

interacted with 2, 3, or 4 equiv of AlMe3. The mechanism of
this reduction is presently not understood. However the reaction
of LTiCl3 and excess solid MeLi · (Et2O)x (x ) 0.12-0.14) in
toluene produced LTiMe3 (1) in high yield (Scheme 1). Solid 1
is stable at room temperature for at least 3 days in the absence
of light, and for extended times at 0 °C. This shows that 1 is a
rare example of a room-temperature-stable Ti(IV) trialkyl
complex.13

Reaction of 1 with 2 equiv of AlMe3 at room temperature
resulted in the formation of LTi(Me)dCH(Al2Me5) (2) (Scheme.
1). The in situ 1H NMR spectrum of 1 and AlMe3 in C6D6 (after
15 h) showed the resonances of CH4 (0.19 ppm14) and complex
2 as the major product even when an excess of AlMe3 was used.

The single-crystal X-ray structure of 1 (Figure 1) exhibits
the discrete LTiMe3 molecule with the Ti(IV) center in a

distorted square-pyramidal environment. The asymmetric unit
contains only half a molecule; the other half is generated by a
crystallographic mirror plane passing through Ti(1), C(2), and
C(3). The Ti atom is 0.580(2) Å out of the (N1 N1A C1 C1A)
plane (mean deviation from this plane is zero by symmetry).
The inequivalent Ti(1)-C(1) (2.185(3) Å) and Ti(1)-C(2) bond
lengths (2.102(4) Å) might be due to the different geometrical
sites of C1 and C2 at the base and the apex of a distorted square
pyramid. The range of the Ti-C bond lengths is similar to those
of tetramethyltitanium adducts TiMe4L2 (L ) OEt2 2.074(4) to
2.100(5) Å,13a dmpe 2.122(7) to 2.201(7) Å,15 and THF 2.093(2)
to 2.107(3) Å16) and is similar to the Ti-Me bond distance of
2.155(2)Åinthe�-diketiminatocomplex(nacnac)TidP[Trip](Me)
(Trip ) 2,4,6-iPr3C6H2).17 The bond lengths between titanium
and nitrogen atoms in 1 are in the normal range (1.95-2.21 Å)
found for Ti(IV) �-diketiminato complexes18,21 and Ti(IV)
compounds supported by monoanionic nitrogen donor ligands.19

For instance, the Ti-N bond length in (L2)TidNAr(OTf) is
2.187(9) Å (L2 ) ArNC(Me)CHC(O)dCPh2C(Me)NAr) and
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Scheme 1a

a Ar ) 2,6-iPr2C6H3.

Figure 1. Molecular structure of 1 with labeled selected atoms.
Selected bond lengths (Å) and angles (deg): Ti-N(1) 2.161(2),
Ti-C(1) 2.185(3), Ti-C(2) 2.102(4); N(1)-Ti-N(1A) 86.14(11),
N(1)-Ti-C(2)105.12(11),N(1)-Ti-C(1)88.50(10),C(1)-Ti-C(1A)
80.48(16), C(1)-Ti-C(2) 105.87(14). Symmetry transformation used
to generate equivalent atoms A of 1: x, -y+3/2, z.
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in (tBu-nacnac)TidPH[Trip](CHtBu), 2.114(3) Å.17 The Ti-Me
as well as the Ti-N bond distances in 2 are longer than those
in (nacnac)Ti(OTf)(Me)2 (Ti-C 2.079(9) and 2.097(7) Å and
Ti-N 2.039(3) and 2.0409(13) Å).21a The elongation of bond
distances in 2 is attributed to the mutual influence of the ligands;
(nacnac)Ti(OTf)(Me)2 contains the electron-withdrawing triflato
group attached to the titanium center.

Complex 2 contains a Ti(IV) center in a distorted tetrahedral
environment formed by two nitrogen atoms, a methyl, and the
CH group connected to two aluminum atoms of the Al2Me4-
(µ-Me) moiety. The hydrogen atom of the CH group was found
in the difference Fourier map. Compound 2 contains a TidCH[Al2-

Me4(µ-Me)] unit, which is close in geometry and isoelectronic
to the TidN[Al2Me4(µ-Me)] moiety of (PNP)TidN[Al2Me4(µ-
Me)](Me) (PNP ) [2-{P(CHMe2)2}-4-methylphenyl]2N-).20

The Al(3)-C(35)-Al(2) bond angle of 2 (81.70(9)°) is smaller
than the Al-N-Al angles (90.55(9)° and 91.93°) in the latter
complex, while the Al(3)-C(36)-Al(2) angle of 2 (75.64(10)°)
is close to the corresponding Al-C-Al (77.28(11)° and
76.28(10)°) angles. The Al(2)-Al(3) distance in 2 (2.6693(12)
Å) is also close to the Al-Al distances (2.687(1) and 2.711(1)
Å) in the reported imido complex.20

Compound 2 can also be considered to contain a Ti(µ3-
CH)Al2 bond. To the best of our knowledge only the reported
Cp*Ti(µ-Me)(µ-NPiPr3)(µ3-CH)(AlMe2)2 (I)9c contains a similar
Ti(µ3-CH)Al2 arrangement. The Ti-C(35) bond length of 2
(1.880(2) Å) is only slightly shorter than the Ti(µ3-CH) distance
given in ref 9c for I (1.900(2) Å). However according to DFT
calculations (see the Supporting Information) the nature of the
titanium carbon bonds in both complexes is different; complex
2 contains a multiple Ti-C bond, while that of I can be better
described as a single bond.

The Ti(1)-C(18) bond length in 2 is in the normal range for
Ti-C single bonds (see discussion above). The Ti(1)-C(35)
distance (1.880(2) Å) is close to a formal TidC double bond.
TidC bond lengths range from 1.826(2) to 1.86(1) Å21 in
complexes supported by the nacnac ligand and 1.883(7) Å in
(PNP)TidCHtBu(SO3CF3)22 and 1.896(5) Å for [(tBuN)-
(tBuNP)]2Ti(CHPh)(THF).23 The determined Ti(1)-C(35) dis-
tance in 2 is longer than the Ti-C bond length (1.825(2) Å) of
the recently reported (PNP)TidCtBu(µ-Me)AlMe2 (PNP )
[2-{P(CHMe2)2}-4-methylphenyl]2N-); however the latter com-
plex has stronger Ti-C interactions than a generic TidC bond
according to the DFT calculations.8

The Al(2)-C(35) and Al(3)-C(35) bond lengths (2.042(3),
2.039(3) Å) are slightly longer than the corresponding terminal
ones (1.967(3) to 1.982(3) Å) in 2, however shorter than the alu-
minum-bridging methyl bond lengths (2.180(3) and 2.174(3) Å).

It can be concluded on the basis of the discussed bond lengths
in 2 that the Ti(IV) atom forms a formal double bond to the CH
group, and a similar degree of interaction can be described between
the two aluminum centers with the carbon of the CH group.

The 1H and 13C NMR data of 1 and 2 are consistent with the
proposed structures. The resonance of the methyl groups
attached to the Ti(IV) center appeared at 1.79 ppm for 1 and at
1.43 ppm for 2, thus being close to that of (bpzmp)TiMe3 (1.55
ppm) (bpzmp ) (3,5-tBu2-2-phenoxo)bis(3,5-Me2-pyrazol-1-

yl)methane)24 however shifted to higher frequency relative to
that of Cp*TiMe3 (0.99 ppm).25 Resonances for the R-H and
R-C in 2 are 9.71 and 290.5 ppm, which is in the range of those
reported for other titanium alkylidynes. For example, the
resonances for the CH protons and carbon of (PMe3-
nPhn)Cp2TidCHCMe2CHCH2 (n ) 0-3) are observed from
12.06 to12.32ppmandfrom306.4 to312.2ppm, respectively.5a,26

The resonances of the R-H and R-C of the Tebbe-type
complexes (Cp2Ti(CH2)(AlMe3) and Cp2Ti(CH2)(AlMe2Cl)
appear in the same range (9.1 and 204 ppm and 8.48 and 188
ppm1,27). The JC-H coupling constant (87.7 Hz) in 2 is similar
to those of LTidCHiPr(OTf) (L ) HC(CMeN(2,6-iPr2-

C6H3))2) (JC-H ) 86 Hz)28 and LTidCHtBu(L) (L ) Hal,
[BH4]-) (JC-H ) 85-95 Hz).21a Thus, the JC-H confirms the
presence of the alkylidyne functionality in 2,28,21a,29 and
additionally the value of the JC-H constant suggests significant
R-hydrogen agostic interaction with the electron-deficient
titanium center similarly to those of LTidCHiPr(OTf)28 and
LTidCHtBu(L).21a

In order to explore the bonding situation in 2, the NMR shifts
were calculated and a bond analysis was accomplished for the
methylidyne carbon atom of the TidCH[Al2Me4(µ-Me)] moiety
(C(35) atom in Figure 2). The bond analysis in terms of natural
atomic orbitals, performed with the NBO module of the
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Figure 2. Molecular structure of 2 with the labeled selected atoms.
Selected bond lengths (Å) and angles (deg): Ti(1)-C(35) 1.880(2),
Ti(1)-N(5) 2.011(2), Ti(1)-N(4) 2.030(2), Ti(1)-C(18) 2.088(2),
Al(2)-C(35)2.042(3),Al(2)-C(36)2.180(3),Al(2)-Al(3)2.6693(12),
Al(3)-C(35) 2.039(3), Al(3)-C(36) 2.174(3), C(35)-Ti(1)-N(5)
114.09(10), N(5)-Ti(1)-N(4) 95.41(8), C(35)-Ti(1)-C(18)
109.90(11), N(5)-Ti(1)-C(18) 110.59(10), Ti(1)-C(35)-Al(3)
130.29(13), Ti(1)-C(35)-Al(2) 134.66(13), Al(3)-C(35)-Al(2)
81.70(9), Al(3)-C(36)-Al(2) 75.64(10), C(35)-Al(2)-C(36)
97.93(11).
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Gaussian program,30 reveals that the bonds to the aluminum
atoms are leading to a three-center two-electron (3c2e) bond
(Al-C-Al) in which an sp0.89 hybrid orbital on carbon overlaps
with p-rich sp-hybrid orbitals located on the aluminum centers
and therefore leaving the carbon atom with enough electron
density to form two bonds with Ti. One of these bonds can be
characterized as the overlap of one titanium d-orbital with a
carbon sp3.2 hybrid orbital and the other as a π-bond resulting
from the overlap of pure p-orbitals. The bond between carbon
and the hydrogen consists of a sp3.3 hybrid on carbon and a
s-orbital on hydrogen.

A common feature of all the bonds involving this carbon atom
is that most of the electronic density remains on the carbon.
The calculated (1.879 Å) and the experimental (1.886(4) Å)
Ti(1)-C(35) bond lengths are in good agreement. The calculated
NMR chemical shift for C(35) (relative to TMS 290.7 ppm,
Figure 14, Supporting Information) agrees well with the
experimental one, and as already expected from the NBO
analysis, the carbon atom is strongly shielded, leading to the
large high-frequency shift. The shielding tensors are shown in
Figure 3 with negative (red/green) values representing deshield-
ing and positive values representing shielding (blue).

Conclusion

In summary, we have reported on the protocol for preparing
LTiMe3 and its reaction with AlMe3 that results in the formation
of LTi(Me)dCH(Al2Me5) (2), containing the TidCH[Al2Me4(µ-
Me)] moiety, where the titanium atom has formed a double bond
to the carbon atom. Compound 2 gives a mixture of species
upon heating, which polymerize ethylene without adding any
cocatalyst. Obviously these experimental observations demon-
strate the potential importance of the heterometallic complex 2
containing the TidCH[Al2Me4(µ-Me)] unit.

Experimental Section

All operations were performed under an atmosphere of dry, O2-
free N2 employing both Schlenk line techniques and a MBrown
MB-150B inert atmosphere glovebox. Solvents toluene and hexane
were dried over Na/benzophenone and distilled under nitrogen prior
to use. C6D6 was dried over K and degassed. The compounds LH

(with the ligand L ) (2,6-iPr2C6H3NC(Me))2CH, nacnac)31,32 and
LTiCl333 were prepared by the known literature methods. The purity
of all compounds was checked by 1H and 13C NMR spectra. TiCl4

(Aldrich 95%) was distilled prior to use in a dry and O2-free N2

atmosphere. Solutions of MeLi (1.6 M) in Et2O, AlMe3 (2 M) in
toluene, and ethylene (Air-Liquide, ethylene 3.5, <50 ppm N2,
<10 ppm O2, <10 ppm H2O) were used as received. MeLi ·
(Et2O)0.137 was prepared from the known amount (60 mL) of MeLi
solution in Et2O (1.6 M) by evaporation of Et2O in a dynamic
vacuum to constant weight. The amount of Et2O was determined
by the weight of the resulting solid and confirmed by 1H NMR.
1H and 13C NMR spectra were recorded using Bruker Avance DPX
200, Bruker Avance DRX 500, and Varian INOVA-600 instru-
ments. Chemical shifts are reported in δ ppm to high frequency of
Me4Si with the solvent as the reference signal. EPR spectra were
recorded on a Bruker ELEXSYS CW-EPR spectrometer equipped
with an electromagnet capable of providing a magnetic field up to
14 000 G and a microwave counter. Typical measurement condi-
tions were microwave power 10-20 mW, microwave frequency
9.45 GHz, modulation amplitude 1-5 G, temperature 250 K, and
about 2K data points covering a sweep range of 2000 G. Mass
spectra were recorded using a Finnigan MAT 8230 mass spec-
trometer, and elemental analyses were carried out at the Analytical
Laboratory of the Institute of Inorganic Chemistry at the University
of Göttingen. Melting points were measured in sealed capillary tubes
under nitrogen and are not corrected. Melting points of polymers
were measured on a Netzsch STA 409 PC instrument.

Synthesis of 1. Toluene (300 mL) was added to the mixture of
LTiCl3 (6.34 g, 11.1 mmol) and MeLi · (Et2O)0.14 (1.43 g, 44.4
mmol) at 0 °C. The MeLi · (Et2O)0.137 was prepared from a known
amount (60 mL) of standard MeLi solution in Et2O (1.6 M) by
evaporation of Et2O in a dynamic vacuum to constant weight. The
amount of Et2O was determined by weight difference of the
resulting solid and confirmed by 1H NMR. This mixture was stirred
for 16 h at 0 °C in the absence of light and finally filtered. The
supernatant solution was concentrated to dryness, and the resulting
solid was washed with n-hexane (3-10 mL). Yield: 4.65 g, 80%.
Anal. Calcd for C32H50N2Ti: C, 75.29; H, 9.80; N, 5.49. Found: C,
75.32; H, 9.83; N, 5.45. Mp: 113-114 °C. EI-MS: m/z (%) 511
(2) [M]+, 495 (20) [M+ - CH4], 481 (2) [M+ - C2H6], 476 (10)
[M+ - 2CH4 -3H], 462 (30) [M+ - 3CH4], 418 (30) [LH+], 403
(80) [LH+ - Me], 375 (20) [LH+ - C3H7], 202 (100) [LH+ -

(30) Frisch, M. J.; et al. Gaussian 03, ReVision C.02; Gaussian, Inc.:
Wallingford, CT, 2004 (Supporting Information).

(31) Krause, E. Ber. Deutsch. Chem. Ges. 1918, 51, 1447–1456.
(32) Stender, M.; Wright, R. J.; Eichler, B. E.; Prust, J.; Olmstead, M. M.;

Roesky, H. W.; Power, P. P. Dalton Trans. 2001, 3465–3469.
(33) Nikiforov, G. B.; Roesky, H. W.; Jones, P. G.; Oswald, R. B.;

Noltemeyer, M. Dalton Trans. 2007, 4149–4159.

Figure 3. Shielding density as seen by C(35) in the XX direction mapped on the current density (X) isosurface (left), and shielding density
as seen by C(35) in the YY direction mapped on the current density (Y) isosurface.
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iPr2C6H3 - C4H7]. 1H NMR (500.2 MHz, C6D6, rt): δH (ppm)
7.10-7.16 (m, 6H, C6H3), 5.04 (s, 1H, C(CH3)CHC(CH3)), 3.27
(sept, 4H, 3JH-H ) 6.80 Hz, CHMe2), 1.79 (s, 9H, Ti-CH3), 1.62
(s, 6H, C(CH3)CHC(CH3)), 1.39 (d, 12H, 3JH-H ) 6.80 Hz,
CHMe2), 1.15 (d, 12H, 3JH-H ) 6.80 Hz, CHMe2). 13C NMR
(125.76 MHz, C6D6, rt): δC (ppm) 166.2 (C(CH3)CHC(CH3)), 149.4
(C6H3), 141.6 (C6H3), 126.5 (C6H3), 124.4 (C6H3), 98.6 (C(CH3)-
CHC(CH3), 79.4 (Ti-CH3), 28.7 (CHMe2), 25.9 (C(CH3)CHC-
(CH3), 24.8 (CH3), 24.6 (CH3), assignment was done using 1H-13C
correlation and available references.21a

Synthesis of 2. LTiMe3 (0.55 g, 1.1 mmol) was dissolved in
toluene (50 mL). Then the solution was cooled to 0 °C, and the
AlMe3 (1: 2, 1.1 mL, 2 M, 2.2 mmol) in toluene was added under
stirring. The resulting mixture was stirred for 0.5 h, warmed to
room temperature, and left undisturbed for 1 day. Then the solution
was concentrated (10 mL) and left at +2 °C for 1 week. The
crystalline solid, which deposited, was filtered off from the
supernatant and washed with n-hexane (2-5 mL). Yield: 0.56 g,
80%. Anal. Calcd for C36H60Al2N2Ti: C, 69.38; H, 9.64; N, 4.49.
Found: C, 69.38; H, 9.67; N, 4.44. Decomposition without melting
at a temperature above 100 °C was observed. Melting under
decomposition to a black solid at 210 °C occurred. EI-MS: m/z
(%) 459 (100) [LAlMe]+, 443 (70) [LAlMe+ - CH4], 427 (10)
[LAlMe+ - 2CH4]. 1H NMR (500.2 MHz, C6D6, rt): δH (ppm)
9.71 (s, 1H, TidCH, JC-H ) 87.7 Hz), 7.22-7.15 (m, aryl), 4.71
(s, 1H, C(CH3)CHC(CH3)), 3.45 (sept, 2H, 3JH-H ) 6.80 Hz,
CHMe2), 2.92 (sept, 2H, 3JH-H ) 6.80 Hz, CHMe2), 1.64 (d, 6H,
3JH-H ) 6.80 Hz, CHMe2), 1.55 (d, 6H, 3JH-H ) 6.80 Hz, CHMe2),
1.43 (s, 3H, Ti-Me), 1.40 (s, 6H, C(CH3)CHC(CH3)), 1.08 (d, 6H,
3JH-H ) 6.80 Hz, CHMe2), 0.95 (d, 6H, 3JH-H ) 6.80 Hz, CHMe2),
-0.51 (s, br, 15H, Al-Me). 13C NMR (125.707 MHz, C6D6, rt):
δC (ppm) 290.5 (TidCH), 170.1 (C(CH3)CHC(CH3)), 143.1 (C6H3),
142.1 (C6H3), 141.4 (C6H3), 128.1 (C6H3), 125.2 (C6H3), 125.1
(C6H3), 96.8 (C(CH3)CHC(CH3), 57.0 (Ti-CH3), 29.1 (CHMe2),
28.3 (CHMe2), 23.7 (C(CH3)CHC(CH3), 26.7 (CH3), 24.4 (CH3),
23.6 (CH3), 23.5 (CH3), -5.0 (Al-CH3) assignment was done using
1H-13C correlation. Note: (a) The cross-peak between 1H and 13C
NMR resonances of the TidCH moiety was observed in the HMQC
spectrum using the coupling constant JC-H ) 87.7 Hz. (b) Reaction
of 1 and 4 equiv of AlMe3 also produced 2 in 80% yield.

X-ray Crystallography. X-ray data were collected on a Bruker
three-circle diffractometer with a mirror system equipped with a
SMART 6000 area detector (λ(Cu KR) ) 1.54184 Å) using ω and
θ scans. The crystal was cooled to 100 K with an Oxford
Cryosystem. All calculations were carried out using SHELXTL
software.34 The data were integrated with SAINT35 and corrected
for absorption with SADABS36 or TWINABS37 in the case of the
twinned crystal 2. The structure of 2 was refined including twin
fractions using a HKL5 format file. A twin factor of 52.6%:47.4%
could be calculated.

Density Functional Calculations. Density functional calcula-
tions aimed at the analysis of the Ti-bonding situation and NMR
spectra were carried out. The B3LYP38,39 functional as implemented
in the Gaussian program package30 was used throughout all the
computations. Due to the atoms of the compound a basis of type
LANL2DZ40 for Ti and a modified 6-31G basis with additional
diffuse functions41,42 for the remaining atoms was used to achieve
the needed precision. In the first step the compound was fully

optimized to its equilibrium structure (coordinates are given in the
Supporting Information). The following steps consisted of a NBO
analysis43 and the calculation of NMR shifts with the gauge-
independent atomic orbital (GIAO) method44 (see Supporting
Information).
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Table 1. Crystallographic Data and Structure Refinement Details
for 1 and 2

1 2

empirical formula C32H50N2Ti C36H60Al2N2Ti
Mr 510.64 622.72
temp [K] 100(2) 100(2)
radiation used (λ [Å]) Cu KR (1.54184) Cu KR (1.54184)
cryst size [mm] 0.10 × 0.10 × 0.04 0.20 × 0.15 × 0.05
cryst syst orthorhombic triclinic
space group Pnma P1j
a [Å] 14.245(3) 9.772(2)
b [Å] 22.068(4) 10.029(2)
c [Å] 10.071(2) 20.808(4)
R [deg] 90 87.45(3)
� [deg] 90 87.39(3)
γ [deg] 90 67.78(3)
V [Å3] 3165.9(11) 1885.1(7)
Z 4 2
Fcalcd. [g · cm-3] 1.071 1.097
µ [mm-1] 2.542 2.542
F(000) 1112 676
scan range θ [deg] 4.01 to 57.11 2.13 to 60.79
completeness to θmax [%] 99.0 90.0
index ranges -15 e h e 15 -11 e h e 11

-18 e k e 23 -11 e k e 11
-10 e l e 10 -23 e l e 23

total no. of reflns 18 161 28 002
no. of unique reflns 2180 5319
R(int) 0.0723 0.0686
no. of data/restrains/params 2180/0/170 5319/6/398
goodness-of-fit on F2 1.059 1.050
R1, wR2 [I > 2σ(I)]a 0.0448, 0.1001 0.0497, 0.1199
R1, wR2 (all data)a 0.0602, 0.1078 0.0656, 0.1311
max/min el dens [e · Å-3] 0.380/-0.261 0.398/-0.391

a wR2 ) (∑[w(Fo
2 - Fc

2)2]/∑[Fo
4])1/2, R1 ) ∑|Fo| - |Fc|/∑|Fo|,

weight ) 1/[σ2(Fo
2) + (AP)2 + (BP)], where P ) (max (Fo

2, 0) +
2Fc

2)/3; for 1 A ) 0.0384, B ) 3.2744; for 2 A ) 0.0463, B ) 0.8143.
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