FULL PAPER

DOI: 10.1002/ejic.200600551

Structural Studies of [CpMoL,(CO),|* (L = NCMe, L, = 2,2'-biimidazole)
Complexes and Their Inclusion Compounds with Cyclodextrins

Claudia C. L. Pereira,'?! Susana S. Braga,!?! Filipe A. Almeida Paz,! Martyn Pillinger,!?!
Jacek Klinowski,”! and Isabel S. Goncalves*!2l

Keywords: Cyclodextrins / Inclusion compounds / Half-sandwich complexes / Molybdenum / Cyclopentadienyl metal

carbonyls

Protonation of [CpMo(n3-C3H;)(CO),] followed by addition
of acetonitrile or 2,2'-biimidazole (H,biim) gave the com-
plexes [CpMo(NCMe),(CO),]|(BF4) (1) and [CpMo(H,biim)-
(CO),](BFy) (2) in good yields. The structures of 1 and 2 were
determined by single-crystal X-ray diffraction in the ortho-
rhombic Pbca and triclinic P1 space groups, respectively.
Both complexes have similar metal ion coordination environ-
ments, which can be envisaged as slightly distorted pseudo-
square pyramids, a coordination geometry commonly com-
pared with a four-legged piano stool. The two complexes
were immobilised in native and permethylated B-cyclodex-
trins (B CD and TRIMEB) by methods tailored according to
the stabilities and solubilities of the individual components

and this gave four adducts with a 1:1 host/guest stoichiome-
try. The formation of true inclusion compounds was sup-
ported by powder X-ray diffraction (XRD), thermogravime-
tric analysis (TGA), *C{*H} CP/MAS NMR and FTIR spec-
troscopy. In the case of the TRIMEB adduct containing com-
plex 1, the crystal packing arrangement is markedly similar
to that previously reported for the corresponding 1:1 TRIMEB
adducts of the neutral guests [CpMoX(CO);] (X = C],
CH,CONH,), featuring columns in which the macrocycles
are arranged along the b axis in a tilted fashion.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Half-sandwich metal carbonyl compounds bearing cyclo-
pentadienyl (Cp = 1°-CsHs) and n®-arene groups have been,
and continue to be, investigated for applications in various
fields such as catalysis,[' nonlinear optics® and medicine.’!
The bioorganometallic chemistry of these compounds is of
particular interest, especially in relation to their use as
pharmaceuticals. For example, technetium and rhenium
tricarbonyl complexes with derivatised cyclopentadienyl li-
gands have been investigated for radiopharmaceutical appli-
cations in the diagnosis (**™Tc) and treatment ('3%Re and
186Re) of cancer.l In these compounds it is the radioactive
metal centre that provides the activity, although the ligands
attached to the metal centre will ultimately determine the
selectivity and efficiency of these compounds towards target
diseased cells. Considering the known antitumour action of
metallocenes such as Cp,TiCl, and Cp,MoCl,,! it is also
possible that half-sandwich metal carbonyl compounds
containing nonradioactive elements may exhibit anticancer
properties. These studies are, however, in their infancy. Re-
searchers have also examined metal carbonyls for applica-
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tions that directly involve the CO ligands. One of these is
their potential use as biological tracer agents.[] The carbon-
ylmetalloimmunoassay procedure is based on the IR
stretching vibrations of organometallic carbonyl groups
and has a sensitivity comparable with that of radioactive
tracers.?] A second example is the use of metal carbonyls
as carbon monoxide-releasing molecules.[”]

As indicated above, the primary way to control the prop-
erties of half-sandwich metal carbonyl compounds is to
modify the steric, electronic and other properties of the first
sphere ligands, for example the substituents on the Cp ring.
A second approach involves introduction of a second-
sphere ligand noncovalently attached to the first-sphere li-
gands. One of the most promising applications of this idea
is the formation of inclusion compounds with cyclodextrins
(CDs).Bl CDs and their derivatives are known to bind
half-sandwich complexes such as [CpFeX(CO),] (X = (I,
Me, CN),P! [CpFe(NH;)(CO),](PFe),!'” [CpMn(CO)5),M!
[(M*-CsHe)Cr(COYLM [CPpMOX(CO)] (X = Cl,
CH,CONH,),’>"3 [Cp'Mo(n*-C3H;s)(CO),],M* [Cp'Mo-
(n*-CsH7)(CO),] and [Cp'Mo(n*-CsHg)(CO),](BF,) (Cp’ =
Cp, Ind).l'1 Some of these encapsulated metallo-organic
complexes exhibit markedly different physical and chemical
characteristics in comparison with the bulk material. CD
inclusion compounds are interesting for pharmaceutical use
because of the enhanced solubility, stability and bioavail-
ability of the drug molecules, as well as the reduced toxic

Eur. J. Inorg. Chem. 2006, 4278-4288



Cyclodextrin Inclusion Compounds of Mo Complexes

FULL PAPER

side-effects.'®! As part of an ongoing study aimed at im-
proving the properties of potential organometallic pharma-
ceuticals by encapsulation in CDs, we now report on the
encapsulation of the complexes [CpMo(NCMe),-
(CO),J(BF,) and [CpMo(H,biim)(CO),](BF,) (H,biim =
2,2'-biimidazole) in B-CD and 2,3,6-tris-O-methyl-B-CD
(TRIMEB). The molecular structures of the “free” dicar-
bonyl complexes have been determined by single-crystal X-
ray diffraction and the inclusion compounds were charac-
terised in the solid state by various techniques.

Results and Discussion

Preparation and Crystal Structures of the Molybdenum(II)
Dicarbonyl Complexes

Treatment of [CpMo(n3-CsHs)(CO),] with HBF,-Et,O
in dichloromethane affords the labile complex [CpMo(n?>-
C3Hg)(CO),(FBF3)],l'! which readily reacts with acetoni-
trile to give [CpMo(NCMe),(CO),](BF,) (1) and with 2,2'-
biimidazole to give [CpMo(H,biim)(CO),](BF,;) (2)
(Scheme 1). As expected, complexes 1 and 2 exhibit two
¥(CO) stretching vibrations in their FTIR spectra, which
can be attributed to the cis-(CO), fragment. The bands for
2 (1976 and 1878 cm™!) appear at lower frequencies than
those for 1 (1988 and 1893 cm™!) because H,biim is a better
electron donor (and acceptor) than acetonitrile and this re-
sults in higher Mo—CO back-donation and a weaker C=0

bond.
' i} HBF4-Et,0, CH,Cl, ' .
_.._....._.._.._.._._.._.._.._._»

M - M
OC\‘/ 0\Q// ii) L or L2 O\\ L“‘"‘,"
oc oc Lo
L = NCMe (1), L, = Hpbiim (2)

Scheme 1.

The crystal structures of compounds 1 and 2 were eluci-
dated from single-crystal X-ray diffraction studies at low
temperature (see Exp. Sect.) and show a number of striking
similarities with respect to the geometries of the 18-electron
half-sandwich molybdenum(II) cationic complexes and the
crystal packing of each material.

Complex 1 crystallises in the orthorhombic Pbca space
group with the asymmetric unit comprised of four individ-
ual residues (two metal complex cations plus two highly dis-
ordered tetrafluoroborate anions) and corresponding to the
empirical formula [CpMo(NCMe),(CO),](BF4). Even
though a great number of molybdenum complexes with n°-
cyclopentadienyl and carbonyl!'8! or acetonitrilel!'*2¢] [i-
gands have been reported, only one structure containing the
latter two ligands is known.[?”1 To the best of our knowl-
edge, compound 1 represents the first complex containing
all three of these ligands.

As often occurs for transition metal organometallic com-
plexes, the structure of 1 contains two crystallographically
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independent [CpMo(NCMe),(CO),]* cations showing the
same structural arrangement and rather similar coordina-
tion environments (Figure 1, Table 1). These coordination
geometries can be envisaged as slightly distorted pseudo-
square pyramids with the basal plane formed by two cis-
coordinated carbonyl groups and two acetonitrile ligands
and the apical position occupied by an n’-coordinated cy-
clopentadienyl which, for clarity, is hereafter regarded as
unidentate, with the coordination site being the centroid of
the aromatic ring, C, (Figure 1). This coordination geome-
try is commonly compared with a four-legged piano-
stool®! in which the metal centre emerges above the basal
plane (ca. 0.92 and 0.93 A for the two crystallographically
independent complexes) leading to bond angles which devi-
ate significantly from the ideal 90°. The Mo-C (carbonyl)
and Mo-N bond lengths for the two complexes [1.967(4)—-
1.988(4) and 2.160(3)-2.179(3) A, respectively] are in good
agreement with those typically found in similar Mo/Cp
complexes as revealed by a search of the Cambridge Struc-
tural Database (CSD) (Version 5.26, updated in August
2005).281 Thus, while the typical Mo—C (carbonyl) bond
lengths were found in the 1.64-2.37 A range (from 1415 en-
tries with a median of 1.97 A), the Mo-N (acetonitrile)
bond lengths are instead in the 2.12-2.20 A range (from 16
entries with a median of 2.14 A). Individual Mo—C,omatic
bond lengths (Table 1) are also consistent with the values
found in related compounds [2.12-2.74 A for 2468 entries
with a median of 2.34 A]. However, as commonly encoun-
tered for complexes with the four-legged piano-stool resem-
blance,*”! the observed Mo—C,,omaiic bond lengths also
indicate a slight “slip” from the expected n>-coordination
mode towards an n3-type with the torsion angles between
the planes defined by the Cp rings and the N--N---C---C
bases of the pyramids being ca. 3.0 and 5.4° [for Mo(1)
and Mo(2), respectively]. Indeed, the Mo-C(4,5) and Mo—
C(13,14) bond lengths are statistically longer than the re-
maining distances within each Cp aromatic ring (Table 1).
This structural feature is depicted in Figure 1 for one
[CpMo(NCMe),(CO),]* complex cation. C(4) and C(5) are
the closest atoms to the slightly bulkier acetonitrile ligands
and the increase in the Mo-C, omaic bond length
[Aaverage(M0—C) of ca. 0.09 A with the largest being ca.
0.12 A] presumably arises as the result of a tendency to re-
duce the steric pressure imposed upon the complex. The
same occurs for the second complex cation but for atoms
C(13) and C(14) instead [not represented — A,yerage(M0—C)
and the largest bond length difference are identical to the
values for the other complex].

Even though the coordination environments of the two
crystallographically independent [CpMo(NCMe),(CO),]*
cations show several similarities, a few geometric aspects of
the square-pyramids are fundamentally different. As sum-
marised in Table 1, the (N,C)-Mo—(N,C) bond angle ranges
for the basal planes of the molybdenum square-pyramids
are slightly distinct for the two complexes [76.60(10)—
79.69(12)° and 74.57(15)-81.47(14)°], these differences aris-
ing from the way in which each crystallographically inde-
pendent complex close-packs in the solid-state. Indeed, one
4279
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Figure 1. Schematic representation of one crystallographically inde-
pendent [CpMo(NCMe),(CO),]* complex cation present in com-
pound 1, emphasising the slightly distorted square-pyramidal coor-
dination environment for the Mo?* metal centre and showing the
labelling scheme for all non-hydrogen atoms. Displacement ellip-
soids are shown at the 30% probability level and hydrogen atoms
are represented as small spheres. All Mo—C bonds to the coordi-
nated n°-Cp have been omitted for clarity and replaced by a black-
filled dashed bond line to the centroid, C,. For selected bond
lengths and angles see Table 1.

Table 1. Selected bond lengths [A] and angles [°] for the molybde-
num coordination environments of the two crystallographically in-
dependent [CpMo(NCMe),(CO),]" complex cations present in 1.

Complex 1
Mo(1)-N(1)  2.164(3) N(2)-Mo(1)-N(1) 76.60(10)
Mo(1)-N(2)  2.160(3) C(6)-Mo(1)-N(1) 80.13(12)
Mo(1)-C(6)  1.988(4) C(6)-Mo(1)-N(2) 128.58(12)
Mo(1)-C(7)  1.969(4) C(7)-Mo(1)-N(1) 125.88(12)
Mo(1)-C(1)  2.299(3) C(7)-Mo(1)-N(2) 79.69(12)
Mo(1)-C(2)  2.252(3) C(7)-Mo(1)-C(6) 78.05(14)
Mo(1)-C(3)  2.272(3) Cy—Mo(1)-C(6) 116.33(2)
Mo(1)-C(4)  2.352(3) Cy—Mo(1)-C(7) 117.99(2)
Mo(1)-C(5)  2.369(3) Cy—Mo(1)-N(1) 116.11(2)
Mo(1)-Cal 1.977(1) C,—Mo(1)-N(2) 115.07(2)
Complex 2
Mo(2)-N(3)  2.179(3) N(4)-Mo(2)-N(3) 76.96(11)
Mo(2)-N4)  2.173(3) C(17)-Mo(2)-N(3) 80.77(13)
Mo(2)-C(17) 1.967(4) C(17)-Mo(2)-N(4)  125.91(12)
Mo(2)-C(18) 1.973(4) C(17)-Mo(2)-C(18)  74.57(15)
Mo(2)-C(12) 2.286(4) C(18)-Mo(2)-N(3)  127.73(12)
Mo(2)-C(13) 2.366(4) C(18)-Mo(2)-N(4) 81.47(14)
Mo(2)-C(14) 2.367(4) C,—Mo(2)-C(17) 116.83(2)
Mo(2)-C(15) 2.284(4) C,—Mo(2)-C(18) 116.12(2)
Mo(2)-C(16) 2.243(3) C,—Mo(2)-N(3) 116.11(2)
Mo(2)-C, 1.980(1) Cy—Mo(2)-N(4) 117.20(2)

[a] C, corresponds to the centroid of the coordinated n3-Cp aro-
matic rings [C(1)-C(5) and C(12)-C(16)].

complex packs along the [100] direction of the unit cell in
a typical interlocked head-to-head fashion, stabilised by 7-
7 interactions between neighbouring n*-Cp aromatic rings
(distance of ca.3.5 A, Figure2, a). Along this cationic
chain the Mo(1)--Mo(1) distances alternate between
5.529(1) and 7.372(1) A for head-to-head and tail-to-tail
4280
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packing, respectively. However, the other crystallographi-
cally independent complex is instead distributed along the
same direction in a head-to-tail fashion [see part ¢ in Fig-
ure 2, Mo(2)-+Mo(2) distance of 6.441(1) A] which, in the
absence of stabilising interactions between the aromatic ring
and the carbonyl and/or acetonitrile moieties, leads to a
slightly higher steric pressure on the basal plane, thus re-
sulting in the increase of the (N,C)-Mo—(N,C) bond angles
mentioned above.

Undulated
layer of
;- deordered
@ BF, anions

=]
b

(c)

- ;
9 .

o
o

Figure 2. (a) Head-to-head-faced [CpMo(NCMe),(CO),]* complex
cations in 1 distributed along the [100] direction, showing the n-nt
interactions between neighbouring n°-Cp aromatic rings; (b) Crys-
tal packing of 1 viewed in perspective along the [100] direction of
the unit cell, emphasising the alternation in the [010] direction of
undulated layers of [CpMo(NCMe),(CO),]* complex cations and
BF, anions; (c¢) Head-to-tail-faced [CpMo(NCMe),(CO),]*" com-
plex cations distributed along the [100] direction. Hydrogen atoms
and Mo-C bonds to the coordinated n°-Cp have been omitted for
clarity.

The crystal packing of 1 is best described as the alter-
nation along the [010] direction of the unit cell of undulated
layers formed by the two crystallographically independent
[CpMo(NCMe),(CO),]* cations with layers of disordered
BF, anions (Figure 2). Interactions between these moieties
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are assured by a large number of weak C-H--*F interactions
(not shown).

The basic building unit of the complex [CpMo(H,-
biim)(CO),J(BF,;) (2) is the 18-electron half-sandwich
[CpMo(H,biim)(CO),]* cation, the molecular structure of
which was first reported a few years ago by Romao and co-
workers for [CpMo(H,biim)(CO),]ReO,4 (2R).3Y Notably,
that report still constitutes, to date, the only crystallo-
graphic study of a molybdenum complex with the chelating
H,biim ligand. Here we describe the second compound
containing this complex cation, in which the tetraoxorheni-
um(VII) [ReO4 ] moiety has been substituted by tetrafluo-
roborate anions and the crystal structure determined with
increased precision and at low temperature (see Exp. Sect.
for crystallographic details for the present study; 2R was
determined at ambient temperature with a very large R,
reliability factor of 9.07%).

For compounds 2 and 2R, the cation [CpMo(H,-
biim)(CO),]* contains the molybdenum centre bound to a
chelating H,biim residue, two cis-coordinated carbonyl
groups and an 1>-Cp moiety. The coordination geometry is,
once again, best described as distorted square-pyramidal
and very much resembles a four-legged piano-stool in which
the base is formed by the chelating H,biim and the carbonyl
residues (Figure 3). The Mo-N and Mo-C (carbonyl) bond
lengths are in agreement with those reported for 2R and
related compounds (Table 2). A search in the CSD for typi-
cal Mo—N distances of chelating ethanediimines shows val-
ues spanning from ca. 2.04 to 2.39 A with a median of
2.24 A (from 20 entries in the database). The bite angle of

Figure 3. Schematic representation of the [CpMo(H,biim)(CO),]*
complex cation present in the crystal structure of 2, emphasising
the distorted square-pyramidal coordination environment for the
Mo?" metal centre and showing the labelling scheme for all non-
hydrogen atoms. Displacement ellipsoids are drawn at the 30%
probability level and hydrogen atoms are represented as small
spheres. All Mo—C bonds to the coordinated 1°-Cp have been omit-
ted for clarity and replaced by a black-filled dashed bond line to
the centroid, C,. For selected bond lengths and angles see Table 2.
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Table 2. Selected bond lengths [A] and angles [°] for the molybde-
num coordination environment of the [CpMo(H,biim)(CO),]*
complex cation present in 2.

Mo(1)-N(1) ~ 2.1892)  N(@2)-Mo(1)-N(1)  72.55(8)
Mo(1)-N(2)  2.1822)  C(12)-Mo(1)-N(1)  80.81(10)
Mo(1)-C(12)  1.981(3)  C(12)-Mo(1)-N(2)  130.11(9)
Mo(1)-C(13)  1.955(3)  C(13)-Mo(1)-N(1)  119.59(9)
Mo(1)-C(7)  2.381(3)  C(13)-Mo(1)-N(2)  80.89(9)
Mo(1)-C(8)  2.396(3)  C(13)-Mo(1)-C(12)  76.76(12)
Mo(1)-C(9)  23133)  C,/Mo(1)-C(12) 115.86(2)
Mo(1)-C(10)  2.265(3)  CoMo(1)-C(13) 120.45(2)
Mo(1)-C(11)  2296(3)  CMo(1)-N(1) 119.86(2)
Mo(1)-CJdl 1.996(1)  CoMo(1)-N(2) 113.95(2)

[a] C, corresponds to the centroid of the coordinated n>-Cp aro-
matic ring [C(7)-C(11)].

H,biim to the Mo centres is comparable for the two com-
plexes, being ca. 72.8° for 2R and 72.6° for 2.

By employing a much smaller anion (BF,") to balance
the charge of the Mo complex, the crystal packing driving
forces mediated by hydrogen bonding interactions (see be-
low) lead to a significant distortion of the geometry of the

angles of 130.11(9)° and 119.59(9)°. The corresponding val-
ues for 2R are 124.9(10)° and 126.3(9)°. However, if we con-
sider an average plane for the atoms forming this base, the
displacement of the Mo centre towards the n3-Cp moiety is
ca. 0.96 A, a value statistically identical to that observed for
2R [0.94(1) A]. The latter coordinated moiety is, once again,
located at the apex of the distorted square-pyramid and
also exhibits a deviation from the ideal n’-coordination
mode so as to release the steric repulsion with the H,biim
molecule. Indeed, compared with the acetonitrile molecules
in compound 1, the H,biim molecule is bulkier and imposes
statistically longer Mo-C(7,8) bonds [Table 2; A,yerage-
(Mo-C) of ca. 0.07 A with the largest being ca. 0.13 A].

Individual [CpMo(H,biim)(CO),]* cations close-pack in
2 along the [100] direction in a head-to-tail fashion (Fig-
ure 4, a) leading to a chain in which the minimum Mo---Mo
separation is 6.531(2) A. The crystal structure of 2 is
formed by the alternation, in the [001] direction of the unit
cell, of double layers of [CpMo(H,biim)(CO),]* complex
ions with BF, anions. Interactions between these moieties
are assured by strong N-H--F hydrogen bonds (see part b
of Figure 4 and Table 3) and, as also reported for com-
pound 1, by a series of weak C-H-F interactions (not
shown).

Table 3. Hydrogen bonding geometry (distances in A and angles
in °) for [CpMo(H,biim)(CO),](BF,) (2).14!

D H-A d(DA) <(DHA)
N(3)-H(3)-F(4) 2.868(3) 144(3)
N(4)-H(4)-F(4) 3.116(3) 139(2)

[a] Symmetry transformation used to generate equivalent atoms: (i)
x-1,y, z

4281
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Figure 4. (a) Crystal packing of 2 viewed in perspective along the [010] direction of the unit cell; (b) Strong N-H--F hydrogen bonding
interactions linking individual [CpMo(H,biim)(CO),]* complex cations to neighbouring BF,~ anions. For further details on the geometry
of these interactions see Table 3. As in the previous schematic drawings, Mo-C bonds to the coordinated n°-Cp moieties have been
replaced by black-filled dashed bond lines to the centroid. Symmetry transformation used to generate equivalent atoms: (i) x — 1, y, z.

Cyclodextrin Inclusion Compounds

The relative solubilities of B-CD, TRIMEB and the com-
plexes [CpMo(NCMe),(CO),](BF,) (1) and [CpMo(H,bi-
im)(CO),](BF,) (2) determined the method used for the
preparation of the respective inclusion compounds. An ini-
tial CD/organometallic molar ratio of 1:1 was always used.
For the preparation of B-CD:[CpMo(NCMe),(CO),](BF,)
(3), an acetonitrile solution of 1 was added to an aqueous
solution of B-CD, whereas for the preparation of f-
CD:[CpMo(H,biim)(CO),](BF,) (5) both components were
dissolved in water. Compounds 3 and 5 were obtained as
light brown and light brick coloured solids, respectively, af-
ter removal of the solvents by freeze-drying. The TRIMEB
inclusion compounds TRIMEB:[CpMo(NCMe),(CO),]-
(BF4) (4) and TRIMEB:[CpMo(H,biim)(CO),](BF,) (6)
were obtained by dissolving the components in either
dichloromethane (4) or a mixture of dichloromethane and
ethanol (6), followed by evaporation of the solvent(s) under
reduced pressure.

X-ray diffraction studies enable the identification of true
inclusion complexes of cyclodextrins, mainly based on the
empirical evidence that the powder XRD patterns of these
complexes should be clearly distinct from those obtained by
the superimposition of the diffractograms of the individual
components.’>311 Figure 5 shows the patterns for com-
plexes 1 and 2, plain B-CD hydrate, TRIMEB and the ad-
ducts 4 and 5. The diffractograms of the adducts are clearly
different from the sum of the individual patterns for com-
plex 1 and TRIMEB, or complex 2 and B-CD. The TRI-

4282
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MEB adduct 4 is quite crystalline and the diffractogram
shares similarities with the patterns exhibited by the corre-
sponding 1:1 TRIMEB adducts of [CpMoX(CO);] (X = Cl,
CH,CONH,).*131 A hypothetical structural model of the
inclusion compound TRIMEB:[CpMoCI(CO);] was ob-
tained by global optimisation using simulated annealing.[?!
The compound crystallises in the space group P2,2,2; and
the crystal packing features columns in which the macro-
cycles are arranged along the b axis in a tilted position. The
TRIMEB inclusion compound 6 was found to be much less
crystalline than 4, exhibiting very broad and weak features
at about 9.1, 11.5, 18.5 and 23.2° for 26 in the powder XRD
pattern (not shown). The B-CD adducts 3 and 5 had moder-
ate crystallinity, with diffraction patterns very similar to
that exhibited by the compound B-CD-[CpMo-
(CH,CONH,)(CO);].l13

Thermogravimetric analysis of compounds 3-6 was also
useful for the recognition of inclusion complex formation.
Figure 6 shows the TGA curves for [CpMo(NCMe),-
(CO),J(BF,) (1), compounds 3 and 4, and 1:1 physical mix-
tures of the pure hosts and complex 1. Complex 1 features
a weight loss of about 38% from 100 to 210 °C, which is in
good agreement with the expected loss of 36% calculated
for the removal of 2 NCMe and 2 CO ligands. A further
gradual weight loss of 21% takes place up to 500 °C, leav-
ing a residual mass of 38.2%. The first of these decomposi-
tion steps can be clearly seen in the TG profiles for the
physical mixtures and is followed by the onset of cyclodex-
trin decomposition at about 270 °C for B-CD hydrate and

Eur. J. Inorg. Chem. 2006, 4278-4288
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Figure 5. Powder XRD patterns of (a) [CpMo(NCMe),(CO),]-
(BF,;) (1), (b) TRIMEB, (c¢) the inclusion compound
TRIMEB-[CpMo(NCMe),(CO),](BF,) (4), (d) [CpMo(H,biim)-
(CO),](BF,) (2), (e) B-CD hydrate and (f) the inclusion compound
B-CD-[CpMo(H,biim)(CO),](BF,) (5).

175 °C for TRIMEB. The TGA profile for the B-CD physi-
cal mixture exhibits an additional well-defined step from
room temperature to 90 °C corresponding to the removal
of water molecules located in the B-CD cavities and also in
the interstices between the macrocycles. The TGA profiles
for compounds 3 and 4 are very different from those for
the physical mixtures. Neither individual steps for dehy-
dration (in the case of the B-CD adduct) nor loss of the
ligands from the organometallic complex were observed.
Instead, both compounds exhibit a continuous and smooth
weight loss from room temperature up to the points where
the host macrocycles begin to decompose (230 °C for 3,
155°C for TRIMEB). This behaviour, coupled with the
early degradation of the hosts (compared with the pure
compounds B-CD hydrate and TRIMEB) is characteristic
of true inclusion compounds comprising CDs and organo-
metallic molecules. Comparable results were obtained for
[CpMo(H,biim)(CO),](BF;) (2) and its inclusion com-
pounds (Figure 7), although the decomposition of the orga-
nometallic complex in the physical mixtures is not so obvi-
ous since the pure compound 2 decomposes in a series of
overlapping steps which extend from room temperature to
475 °C.

The C{'H} CP/MAS NMR spectra of compounds 1-
6 are shown in Figure 8 and Figure 9. Although the crystal
structure of 1 contains two crystallographically independent
[CpMo(NCMe),(CO),]* cations, with slightly different geo-
metric features and distinct close-packing configurations,
compound 1 gives rise to single peaks at 96.6, 145.1 and
252.6 ppm, assigned to the Cp, CN and CO groups, respec-
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Figure 6. TGA curves of complex 1 (——), a 1:1 physical mixture
of 1 and B-CD (=), a 1:1 physical mixture of 1 and TRIMEB
(——) and the inclusion compounds 3 (- — —) and 4 (——).
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Figure 7. TGA curves of complex 2 (——), a 1:1 physical mixture
of 2 and B-CD (-+), a 1:1 physical mixture of 2 and TRIMEB
(——) and the inclusion compounds 5 (- — -) and 6 (——-).

tively. On the other hand, three partially revolved lines were
observed between 0 = 3 and 5 ppm for the methyl groups
of the acetonitrile ligands. In the spectra of the inclusion
compounds 3 and 4, the guest species can be identified by
a Cp resonance at about 96 ppm and a Me signal at about
3 ppm, which are essentially unshifted when compared with
the resonances for nonincluded 1. The B-CD carbon atoms
in 3 give rise to four single peaks centred around 102.6,
80.6, 72.2 and 60.0 ppm, assigned to Cl, C4, C2,3,5 and
C6, respectively. This is in sharp contrast to plain B-CD
hydrate, which exhibits a complex '*C{'H} CP/MAS NMR
spectrum containing multiple sharp resonances for each
type of carbon atom (not shown).l'3 The multiple reso-
4283

www.eurjic.org



FULL PAPER

1. S. Gongalves et al.

nances arise due to different torsion angles about the
a(1—4) linkagesB? and the torsion angles describing the
orientation of the hydroxy groups.*3] The appearance of
single peaks in the *C{'H} CP/MAS NMR spectrum of 3,
together with a lower dispersion in the chemical shift for
each signal (i.e. the chemical shift range that comprises all
of the resonances from the same carbon atom in distinct
glycosidic units) are typically attributed to the B-CD macro-
cycle becoming symmetric, that is, the encapsulation of the
guest molecule induces the ring to adopt a less distorted
conformation, with each glucose unit in a more similar en-
vironment.”>!13-34 The low crystallinity of compound 3 may
also contribute to a broadening of the peaks.

C2,3,4
cse
ol O-Me
JH (c)
) Me
w.-.»;:«vix“'wj M‘ l‘\' ‘ l 'WMM_/"“
c235
Cp
, (b)
C4
R=H (3-CD) o
R = Me (TRIMEB)
. Me
Cp
Me
co CN (a)
*
250 200 150 100 50 0
4 (ppm)

Figure 8. Solid-state '*C{'H} CP/MAS NMR spectra of (a) com-
plex 1, (b) the B-CD inclusion compound 3 and (¢) the TRIMEB
inclusion compound 4. Spinning sidebands are denoted by aster-
isks.

Like plain B-CD hydrate, the 3*C{'H} CP/MAS NMR
spectrum of TRIMEB also contains multiple resonances for
each type of carbon atom (not shown).['3 This is because
the host assumes a severely collapsed conformation in the
solid-state, which minimises the hydrophobic cavity in the
absence of a hydrophobic guest.[’3] Several resolved lines
may also be observed for the inclusion compound 4 and
this is consistent with the presence of an ordered crystal-
packing arrangement of CD molecules. Indeed, the pres-
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Figure 9. Solid-state '3C{'H} CP/MAS NMR spectra of (a) com-
plex 2, (b) the B-CD inclusion compound 5 and (c¢) the TRIMEB
inclusion compound 6. Spinning sidebands are denoted by asterisks
and peaks due to the presence of residual solvents (diethyl ether,
n-hexane or ethanol) are indicated by S.

ence of at least ten sharp lines for the methyl carbon atoms
shows that these groups exist in several different well-de-
fined environments. The overall similarity of the spectrum
with those previously reported for the adducts
TRIMEB-[CpMoX(CO)s] (X = Cl, CH,CONH,)®*!3 is in
line with the powder XRD results and confirms that the
conformations of the host macrocycles and the crystal
packing arrangements in the three compounds are similar.
On the other hand, a comparison of these spectra with that
for plain TRIMEB reveals considerable differences in the
number, relative intensities and positions of peaks due to
the host, which indicates that the conformation of the
macrocycles in the inclusion compounds is different from
that in plain TRIMEB.

Figure 9 shows the '3C{'H} CP/MAS NMR spectra of
[CpMo(H,biim)(CO),](BF4) (2) and the inclusion com-
pounds  B-CD-CpMo(H,biim)(CO),|(BF,;) (5) and
TRIMEB-[CpMo(H,biim)(CO),](BF,) (6). The resonances
for the carbon atoms of the biimidazole ligand in 2 appear
in the range 120-137 ppm and the Cp resonance can be
found at 6 = 96.1 ppm. The spectrum for compound 5 is

Eur. J. Inorg. Chem. 2006, 4278-4288



Cyclodextrin Inclusion Compounds of Mo Complexes

FULL PAPER

very similar to that of compound 3 with respect to the -
CD carbon resonances. Additional peaks for the guest
molecule can be observed at 6 = 95.6 ppm (Cp) and 122-
139 ppm (H,biim). For the TRIMEB adduct 6, the H,biim
resonances appear in the range of 115-140 ppm, while the
Cp resonance is obscured by a broad peak for the CI car-
bon atoms of the host. In fact, in contrast to the spectrum
of 4, the resonances for the host carbon atoms in 6 appear
mainly as single broad peaks, which are presumably related
to the low crystallinity of the compound as revealed by the
powder XRD studies.

For all the inclusion compounds studied, it was not pos-
sible to clearly identify the resonances (masked in the back-
ground) for the CO groups of the guest molecules, even
when contact times of 2ms were used. The presence of
these groups was confirmed by IR spectroscopy. Thus, in
addition to the intense and typical bands of the cyclodex-
trin hosts, the spectra contained two bands in the CO
stretching region (1880-2000 cm™'). These were mostly
shifted by less than 10 cm™! compared with the correspond-
ing bands for the nonincluded complexes 1 and 2. Only in
two cases (1971 cm™! for 3 vs. 1988 cm™! for 1; 1891 cm™!
for 5 vs. 1878 cm™! for 2) were larger shifts observed. These
shifts probably arise because the guest molecules in com-
pounds 3-6 are isolated from one another by inclusion in
the CD cavities.

Concluding Remarks

B-CD and TRIMEB inclusion compounds containing
the complexes [CpMo(NCMe),(CO),](BF,) and
[CpMo(H,biim)(CO),](BF,) have been prepared and char-
acterised. Referring to previous work, we may conclude that
neutral, cationic or anionic n’-cyclopentadienyl metal car-
bonyl complexes of the type [CpML,,(CO),JF** (M = Mo,
Mn or Fe), with three-legged or four-legged piano stool
geometries, are readily encapsulated by cyclodextrins. The
available experimental and theoretical evidence suggests
that the interaction geometries generally involve insertion
of the Cp ligand into the host cavities, with the CO and L
ligands (L = NCMe, H,biim, Cl, CH,CONHj; etc) protrud-
ing outwards (on the wider secondary side of the host mole-
cules). Indeed, the crystal-packing arrangements in the (-
CD and TRIMEB inclusion compounds containing the
[CpMo(NCMe),(CO),]* complex cation are evidently very
similar to the arrangements found in the corresponding in-
clusion compounds containing the neutral tricarbonyl com-
plex [CpMoCIl(CO)s]. We are currently studying how the
behaviour of the organometallic complexes as, for example,
CO-releasing molecules, catalyst precursors or anti-tumour
agents is affected by cyclodextrin encapsulation.

Experimental Section

General Remarks: All air-sensitive operations were carried out
using standard Schlenk techniques under an oxygen- and water-free
nitrogen atmosphere. Solvents were dried by standard procedures
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(diethyl ether and ethanol over Na, CH,Cl, and NCMe over
CaH,), distilled under nitrogen and kept over 3 A (NCMe) or 4-A
molecular sieves. Microanalyses for C, H and N were performed at
the Instituto de Tecnologia Quimica e Biologica (Oeiras, Portugal)
by C. Almeida and Mo was determined by ICP-OES at the Central
Laboratory for Analysis (University of Aveiro) by E. Soares. TGA
studies were carried out using a Shimadzu TGA-50 system at a
heating rate of 5 °Cmin ' under air. Powder X-ray diffraction data
were collected at ambient temperature on a X'Pert MPD Philips
diffractometer (Cu-K, X-radiation, A = 1.54060 A) equipped with
a curved graphite-monochromator and a flat-plate sample holder
in a typical Bragg—Brentano para-focusing optics configuration
(40 kV, 50 mA). Infrared spectra were recorded on a Unican Matt-
son Mod 7000 FTIR spectrometer. 3C NMR spectra in solution
were recorded on a Bruker Avance 500 spectrometer. 3C{'H} CP/
MAS NMR spectra were recorded at 125.72 MHz on a (11.7 T)
Bruker Avance 500 spectrometer, with an optimised n/2 pulse for
'H of 4.5 ps, 2 ms contact time, a spinning rate of 7kHz and 12's
recycle delays. Chemical shifts are quoted in parts per million rela-
tive to tetramethylsilane.

B-Cyclodextrin (Kleptose®) was kindly donated by laboratoires La
Roquette (France) and heptakis-2,3,6-tris-O-methyl-B-CD was ob-
tained from Fluka. 2,2’-Biimidazole was prepared from glyoxal and
concentrated ammonia following the published method.[3%
[CpMo(n3-C5Hs)(CO),] was prepared as described in the litera-
turel1®16¢l and characterised by elemental analysis and FTIR spec-
troscopy.

[CpMo(NCMe),(CO),I(BFs) (1): A solution of [CpMo(n?’-
C;H;5)(CO),] (0.35 g, 1.35mmol) in CH,Cl, was treated with 1
equiv. of HBF4-Et,0. After 10 min, acetonitrile was added in excess
and the reaction mixture was stirred for 2 h. The solution was then
concentrated to about 5 mL and diethyl ether added to precipitate
a red solid. The solid was filtered, washed with diethyl ether and
n-hexane. Crystals suitable for X-ray analysis were obtained after
slow diffusion at 4 °C of diethyl ether into a saturated solution of
the crude product in acetonitrile. Yield: 0.48g, 92%.
C;H;;BF4M0N,0, (385.96): calcd. C 34.23, N 7.26, H 2.87; found
C 3397, N 7.16, H 2.99. FTIR (KBr): ¥ = 3098 m, 3067 m, 3056
m (all vey of Cp), 2972 m, 2965 m, 2915 m, 2902 m (all vy of
Me), 2325 w (Vn=c), 2289 W (Vn=c), 1988 vs. (Vco), 1893 vs. (Veo),
1621 m, 1434 m, 1422 m, 1366 w, 1352 w, 1305 w, 1300 w, 1083 vs.
(vgg), 1073 s, 1036 s, 928 w, 904 vw, 886 vw, 869 vw, 847 m, 824 w,
772 vw, 713 vw, 588 m, 542 m, 533 m, 522 m, 513 m, 488 m, 458
m, 433 m, 385 mcem . "TH NMR (300 MHz, [D¢Jacetone, 25 °C): &
= 580 (s, 5 H, Cp), 2.19 (s, 6 H, Me) ppm. *C{'H} NMR
(125.72 MHz, CDCl3, 25°C): 0 = 249.7 (CO), 142.6 (CN), 96.1
(Cp), 4.8 (Me) ppm. PC{'H} CP/MAS NMR: ¢ = 252.6 (CO),
145.1 (CN), 96.6 (Cp), 4.7 (Me) ppm

[CpMo(H,biim)(CO),|(BFy) (2): A solution of [CpMo(n3-
C3H5)(CO),] (0.31 g, 1.19 mmol) in CH,Cl, was treated with 1
equiv. of HBF4-Et,O. After 10 min, dimethoxymethane was added
in excess and the reaction mixture was stirred for 15 min. 2,2'-bi-
imidazole (0.17 g, 1.30 mmol) was then added and the reaction
mixture stirred for 4 h at room temperature. The resultant orange
solution was filtered and, after concentrating to about 5 mL, di-
ethyl ether was added to precipitate an orange microcrystalline so-
lid. The solid was filtered and washed several times with diethyl
ether and n-hexane. Crystals suitable for X-ray analysis were ob-
tained after slow diffusion at 4 °C of diethyl ether into a saturated
solution of the crude product in ethanol. Yield: 0.47 g, 90%.
C3H;BF;MoN,4O, (438.01): caled. C 35.65, N 12.79, H 2.53;
found C 35.52, N 12.51, H 2.38. FTIR (KBr): ¥ = 3360 s, br. (van),
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3265 sh (vnu), 3156 m, 3140 s, 3122 s (vnu, Veu of Cp and/or
H,biim), 2929 m, 2776 m, 1976 vs. (vco), 1878 vs. (veo), 1707 w,
1638 m, 1534 m, 1512 m, 1429 m, 1420 m, 1359 w, 1321 m, 1284
w, 1253 w, 1123 s, 1100 s, 1068 vs. (vgg), 1004 m, 978 m, 919 w,
846 m, 822 m, 787 m, 761 s, 695 w, 679 m, 620 m, 612 w, 595 w,
538 m, 520 m, 484 m, 471 w, 435 m, 369 vw, 341 vw, 332 vw, 301
wem . 'TH NMR (300 MHz, [DgJacetone, 25°C): 6 = 11.6 (NH,
H,biim), 7.75 (d, 2 H, H,biim), 7.67 (d, 2 H, H,biim), 5.85 (s, 5 H,
Cp) ppm. BC{'H} NMR (125.72 MHz, CDCls, 25 °C): 6 = 253.0
(CO), 136.7, 133.9, 120.7 (all H,biim), 95.2 (Cp) ppm. 3C{'H} CP/
MAS NMR: ¢ = 257.6, 256.1 (CO), 137.3, 135.0, 133.3, 120.8 (all
H,biim), 104.8, 96.1 (Cp) ppm.

B-CD-|[CpMo(NCMe),(CO),I(BFy)  (3): A solution  of
[CpMo(NCMe),(CO),](BF,) (1) (52.0 mg, 0.134 mmol) in acetoni-
trile (4.0 mL) was added to a solution of B-CD (152.5mg,
0.134 mmol) in water (6.0 mL) at 40 °C. The resultant solution was
stirred for 1 h and then frozen by immersion of the container in
liquid nitrogen. The solvents were removed by freeze-drying to ob-
tain a light-brown solid. FTIR (KBr): ¥ = 3375 s, br. (voy), 2939
m, 1971 s (vco), 1890 s (veo), 1640 m, 1536 m, 1509 w, 1422 m,
1367 m, 1334 m, 1300 m, 1244 m, 1157 s, 1101 sh, 1079 vs, 1027
vs, 1003 sh, 946 m, 938 m, 892 w, 860 w, 829 w, 821 w, 762 m, 706
m, 698 m, 670 w, 608 m, 577 m, 527 m, 484 m, 432 m, 356 w, 327
w, 302 wem™!. BC{'H} CP/MAS NMR: ¢ = 102.6 (B-CD, Cl),
95.6 (guest Cp), 80.6 (B-CD, C4), 72.2 (B-CD, C2,3,5), 60.0 (B-CD,
Co), 2.8 (guest Me) ppm.

TRIMEB-[CpMo(NCMe),(CO),|(BF,4) (4): A solution of TRIMEB
(0.558 g, 0.39 mmol) in CH,Cl,/water (20:1) was added to a solu-
tion of [CpMo(NCMe),(CO),J(BF4) (1) (103 mg, 0.26 mmol) in
dichloromethane (10 mL) and the mixture was stirred for 48 h at
60 °C. After cooling to ambient temperature, the solution was evap-
orated to dryness under reduced pressure to obtain a dark-brown
microcrystalline solid. FTIR (KBr): ¥ = 3463 s, 3106 m (vcy of
Cp), 2989 s, 2935 s, 2842 s, 2322 vw (Vn=c), 2290 VW (Vn=c), 2074
w, 1988 s (vco), 1944 w, 1899 s (vco), 1840 w, 1631 m, 1458 m,
1384 m, 1370 m, 1325 m, 1307 m, 1263 m, 1196 s, 1163 s, 1145 s,
1107 vs, 1084 vs, 1072 vs, 1037 vs, 970 s, 951 m, 905 m, 856 m, 823
w, 805 w, 753 m, 734 m, 704 m, 671 vw, 553 m, 534 m, 522 m, 458 w,
434 w, 385 w, 348 w, 328 w, 313 w cm L. 3C{'H} CP/MAS NMR: §
=100.5, 99.6, 99.2, 98.3 (TRIMEB, C1), 96.8, 96.5 (TRIMEB, ClI;
guest Cp), 94.7 (TRIMEB, C1), 85.4, 84.0, 82.4, 81.9, 81.3, 79.2
(TRIMEB, C2,3,4), 76.4, 74.2, 72.2, 71.0, 69.6 (TRIMEB, C5,6),
63.0, 61.8, 61.2, 60.0, 58.9, 58.1, 57.0, 56.5, 55.4 (TRIMEB, O-
Me), 3.8 (guest Me) ppm.

B-CD-|CpMo(H,biim)(CO),|(BF,) (5): A solution of -CD (311 mg,
0.27 mmol) and [CpMo(H,Biim)(CO),J(BF;) (2) (120 mg,
0.27 mmol) in water (8§ mL) was stirred for 50 min at 50 °C and
then frozen with liquid nitrogen. The frozen water was removed by
liophilisation to obtain a brick-coloured solid. FTIR (KBr): ¥ =
3377 s, br. (von), 2928 m, 1973 s (vco), 1891 s (veo), 1640 m, 1534
m, 1507 w, 1422 m, 1368 m, 1334 m, 1300 w, 1245 w, 1157 s, 1099
sh, 1079 vs, 1050 sh, 1028 vs, 1005 sh, 944 m, 937 m, 861 w, 828
w, 820 w, 762 m, 706 m, 698 m, 668 m, 607 m, 577 m, 527 m, 483
m, 480 m, 433 m, 356 w, 335 w, 327 w, 302 wcm™!. BC{'H} CP/
MAS NMR: 6 = 139.2, 134.5, 130.2, 122.1 (all guest H,biim), 102.5
(B-CD, C1), 95.6 (guest Cp), 80.7 (B-CD, C4), 71.9 (B-CD, C2.3,5),
59.8 (B-CD, C6) ppm.

TRIMEB-[CpMo(H,biim)(CO),|BF, (6): A  solution of
[CpMo(H,biim)(CO),]|BF, (2) (60.0 mg, 0.137 mmol) in a mixture
of dichloromethane (12 mL) and ethanol (4 mL) was treated por-
tionwise with TRIMEB (196 mg, 0.137 mmol), allowing each frac-
tion to dissolve before adding the next. The mixture was stirred for
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1 h and then evaporated to dryness under reduced pressure to ob-
tain a solid product. FTIR (KBr): ¥ = 3142 m (vnu, Ven of Cp
and/or H,biim), 2984 s, 2929 s, 2834 s, 2079 w, 1973 m (vco), 1885
m (Vco), 1714 w, 1640 m, 1535 m, 1460 s, 1402 sh, 1369 m, 1322
m, 1304 m, 1259 sh, 1195, 1161 vs, 1141 vs, 1110 vs, 1095 vs, 1088
vs, 1072 vs, 1038 vs, 954 s, 937 s, 905 sh, 856 m, 821 w, 756 s, 706
m, 694 m, 666 w, 622 w, 599 sh, 551 m, 517 m, 468 w, 439 w, 377
vw, 346 w, 305 wem . BC{'H} CP/MAS NMR: § = 140.3, 129.7,
121.1, 115.0 (all guest H,biim), 105.0, 99.5 (TRIMEB, C1; guest
Cp), 82.2 (TRIMEB, C2,3,4), 71.1 (TRIMEB, C5,6), 60.6, 57.8
(TRIMEB, O-Me) ppm.

Single-Crystal X-ray Diffraction: Suitable single-crystals of
[CpMo(NCMe),(CO),](BF,) (1) and [CpMo(H,Biim)(CO),](BF,)
(2) were mounted on glass fibres using perfluoropolyether oil.[*7!
Data were collected at 180(2) K on a Nonius Kappa charge-cou-
pled device area-detector diffractometer (Mo-K,, graphite-mono-
chromated radiation, A = 0.7107 A) equipped with an Oxford
Cryosystems cryostream and controlled by the Collect software
package.[®¥] Images were processed using the Denzo and Scalepack
software packages®” and data were corrected for absorption by the
empirical method employed in Sortav.[l Structures were solved by
direct methods using SHELXS-97! and refined by full-matrix le-
ast-squares on F? using SHELXL-97.12! All non-hydrogen atoms
were directly located from difference Fourier maps and refined with
anisotropic displacement parameters. Selected bond lengths and
angles for the Mo?* coordination environments are given in Table 1
and Table 2 for compounds 1 and 2, respectively. Table 3 summa-
rises the hydrogen bonding geometries reported for compound 2.

For the two crystal structures, hydrogen atoms bound to carbon
were located in their idealised positions using appropriate HFIX
instructions in SHELXL (43 for the aromatic and 137 for the ter-
minal methyl groups of the coordinated NCMe moieties) and in-
cluded in subsequent refinement cycles in the riding-motion
approximation with isotropic thermal displacement parameters
(Usso) fixed at 1.2 (for the aromatic hydrogen atoms) or 1.5 (for the
methyl moieties) times U.q of the carbon atom to which they were
attached. For compound 1, the two crystallographically indepen-
dent BF, anions were found to be severely affected by structural
disorder, which was directly reflected in the large thermal displace-
ment parameters calculated for each fluorine atom. This disorder
was modelled by considering, on the one hand, two distinct crystal-
lographic positions for each BF, anion with fixed occupancy rates
of Y3 and %; and, on the other, a geometry heavily restrained for
each moiety with the B-F and F--F intramolecular distances re-
strained to variable common factors which ultimately refined to ca.
1.34 and 2.18 A, respectively. This refinement strategy led to a more
reasonable structural model for 1, even though the checkCIF rou-
tines available with the PLATON software package still indicated
a rather large discrepancy between the Ugq values of the boron and
fluorine atoms. The last difference Fourier map synthesis showed,
for 1, the highest peak (0.535 e A-%) and deepest hole (—0.790 e A=3)
located at 1.37 A from H(20C) and 0.79 A from Mo(1), respec-
tively, while, for 2, the highest peak (0.616 ¢ A3) and deepest hole
(-0.798 e A3) were found at 1.65 A from H(3) and 0.79 A from
Mo(1), respectively.

CCDC-604073 and -604074 (for 1 and 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif.

Crystallographic Data for 1: C,,H,,B,FsMo,N,O4, M = 771.94,
orthorhombic Phea, a = 12.871(3), b = 19.222(4), ¢ = 23.849(5) A,
Vo= 590002) A3, Z = 8, Deyea = 1.738 gem, u(Mo-K,) =
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0.936 mm™!, F(000) = 3040, crystal size = 0.28x0.16x0.10 mm,
brown blocks, 6 range = 3.60 to 26.37, index ranges —16 = h =
16, 17 = k = 24, 28 = | = 29, reflections collected = 32704,
independent reflections = 6001 (R, = 0.0545), Ry, wR, [I > 20(])]
= 0.0345, 0.0739, R,, wR, (all data) = 0.0513, 0.0803, weighting
scheme m, n = 0.0330, 6.4200.

Crystallographic Data for 2: C,3sH; BF;MoN,O,, M = 438.01, tri-
clinic PI, a = 6.5308(13), b = 7.2832(15), ¢ = 16.962(3) A, a =
92.91(3), p = 90.91(3), y = 107.003)°, V = 770.2(3) A3, Z = 2,
Deareq. = 1.889 gem 3, u(Mo-K,) = 0.912 mm™!, F(000) = 432, crys-
tal size = 0.10x0.07 X 0.02 mm, red blocks, 0 range = 3.51 to 30.03,
index ranges -9 = h =9, -10 = k =9, -23 = [ = 23, reflections
collected = 10020, independent reflections = 4484 (R;,; = 0.0406),
Ry, wR, [I > 20(D)] = 0.0340, 0.0652, R;, wR, (all data) = 0.0481,
0.0701, weighting scheme m, n = 0, 0.8582.
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