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The solid-state structures of complexes of the type [HO—-(NNN')]Mo(CO);L (L = CO, THF, PPh;, CN¢Bu, CNCy)
have been determined by X-ray crystallography. Two major types of multiple intermolecular hydrogen-bonding
patterns involving the OH group and CH moieties as hydrogen donors and carbonyl groups and solvent molecules
as hydrogen acceptors have been found and interpreted in terms of hydrogen bond strength, steric availability and
dense packings. Discrimination between the two hydrogen-bonding patterns is also possible on the basis of unit
cell dimensions and IR spectroscopy. DFT calculations support the interpretations.

Introduction

As a part of a program to synthesise inorganic and organo-
metallic complexes on solid supports (solid-phase inorganic
synthesis)* a number of molybdenum carbonyl complexes
with a chelate ligand containing a pendant phenol group
[HO-(NNN")] have been prepared and characterised.! It was
anticipated that a variety of hydrogen-bonding patterns might
be observed in the solid state due to the several possible
hydrogen donor and hydrogen acceptor groups in different dir-
ections and the possibility of varying the co-ligand and adding
external hydrogen acceptors. The understanding and control
of the organisation of molecules—especially organometallic
complexes—in the crystalline state has gained considerable
interest as many properties of bulk materials, e.g magnetism,
conductivity, non-linear optical properties, etc.,® depend
strongly on the crystal packing of the individual components.
Hydrogen bonding has been of great importance in this context
due to the relative strength and directionality of the bonds.*
Most hydrogen bond research has been focused on the classical
hydrogen bond donors and acceptors such as carboxylic acids,
amides, halides and sulfides, resulting in strong hydrogen
bonds, but it has also been recognised that C-H - - - O hydro-
gen bonds—albeit that they are weaker—play an important
role’ Also, “non-conventional” hydrogen bonds occurring
exclusively in organometallic compounds such as M - -+ H-X,
M-H - -+ X and M-H - - - H-X have been reviewed recently.>S
The complexes described in the following are well suited
for studying the interplay and competition between different
types of hydrogen bonding, n—r interactions’ and steric crowd-
ing occurring between the individual molecules in the solid
state.

Results and discussion

Several molybdenum carbonyl complexes [HO—(NNN')]-
Mo(CO),L of the Schiff base chelate ligand with a pendant
phenol group [HO-NNN’)] (Scheme 1) were synthesised
according to literature procedures® and their crystal structures
determined.

T Electronic supplementary information (ESI) available: Fig. S1-S18
and Tables S1-S6 discussed in the text. See http://www.rsc.org/
suppdata/dt/b1/b106456h/
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Scheme 1 Complexes and model compounds.

Crystallographic studies

The molybdenum tetracarbonyl complex 1 (L = CO) crystal-
lised from CH,CI, solutions layered with PE (bp 40-60 °C) as
dark violet crystals in the centrosymmetric monoclinic space
group P2,/c. Selected bond lengths and angles are shown in
Tables 1 and 2; the molecular structure of 1 is depicted in Fig. 1.

016

Fig. 1 Molecular structure of 1.

The molecular geometry itself displays comparable features,
eg to the related tetracarbonyl complex [R—(NNN')J-
Mo(CO),,® so the discussion will be focused on the inter-
molecular interactions. This also applies to all following
discussions.

Between individual molecules of 1, C-H - -+ OC contacts >°
are present (Fig. 2, Table 3). The hydrogen bonds C7-
H7 --- 013, C9-H9 --- O13 and C5-HS5 -+ O15 form C(6),
C(7) and C(8) chains, respectively, in graph theory notation '*!!,
These connect molecules translated along the a-axis forming a
triple hydrogen bond'? of an AA - -+ DDD type'® (Scheme 2).
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Table 1 Selected bond lengths (A) for 1-5

1 2 3a 3b 4 5
(L=Cl16) (L=016) (L=P1) (L=P1) (L=Cl16) (L=Cl16)
Mol-N1 2.265(5) 2.254(4) 2.268(2) 2.276(2) 2.247(2) 2.270(1)
Mol-N2 2.226(6) 2.275(4) 2.250(2) 2.262(2) 2.254(2) 2.253(1)
Mol-C13 1.957(7) 1.943(5) 1.952(2) 1.946(2) 1.958(3) 1.959(2)
Mol-Cl4 2.024(8) 1.922(5) 1.979(3) 1.974(3) 1.997(3) 2.003(2)
Mol-C15 1.971(7) 1.942(5) 1.943(3) 1.930(2) 1.931(3) 1.935(2)
Mol-L 2.072(8) 2.289(3) 2.5328(9) 2.5699(8) 2.166(3) 2.151(2)
C13-013 1.161(8) 1.178(6) 1.165(3) 1.166(3) 1.159(3) 1.159(2)
Cl14-014 1.148(8) 1.176(6) 1.149(3) 1.153(3) 1.148(3) 1.152(2)
C15-015 1.163(8) 1.169(5) 1.172(3) 1.176(3) 1.180(3) 1.180(2)
N1-C7 1.291(8) 1.272(6) 1.301(3) 1.294(3) 1.290(3) 1.294(2)
N2-C8 1.361(8) 1.367(6) 1.360(3) 1.359(3) 1.362(3) 1.360(2)
C7-C8 1.456(9) 1.458(7) 1.449(4) 1.441(3) 1.443(4) 1.452(2)
N1-Cl 1.440(8) 1.431(6) 1.428(3) 1.432(3) 1.434(3) 1.426(2)
01-C4 1.377(8) 1.378(6) 1.374(3) 1.363(3) 1.369(3) 1.364(2)
Table 2 Selected bond angles (°) for 1-5
1 2 3a 3b 4 5
(L=Cl6) (L=016) (L=P1) (L=P1) (L=Cl6) (L=Cl16)
N1-Mol-N2 72.9(2) 72.4(1) 72.32(8) 71.99(7) 72.03(8) 72.05(5)
N1-Mol-C13 167.4(2) 172.6(2) 171.06(9) 172.78(8) 168.20(9) 168.14(5)
N1-Mol-C14 95.3(2) 101.9(2) 94.37(9) 95.12(9) 94.27(9) 98.34(6)
N1-Mol-Cl15 101.3(2) 96.9(2) 101.65(9) 102.30(8) 103.88(9) 104.78(6)
N1-Mol-L 90.7(2) 80.2(1) 92.25(6) 89.49(5) 82.82(9) 80.45(6)
N2-Mol-C13 94.6(2) 103.4(2) 98.75(9) 100.91(9) 96.25(9) 96.92(6)
N2-Mol-Cl14 93.2(2) 99.3(2) 95.4(1) 91.56(9) 88.22(9) 93.42(6)
N2-Mol-Cl15 173.2(2) 168.8(2) 173.94(9) 174.14(8) 174.25(9) 176.75(5)
N2-Mol-L 91.7(2) 77.7(1) 90.81(6) 89.43(5) 89.39(8) 84.40(5)
Cl13-Mol1-Cl14 83.6(3) 84.7(2) 85.9(1) 83.7(1) 86.6(1) 86.40(7)
C13-Mol1-Cl15 91.2(3) 86.9(2) 87.3(1) 84.77(9) 87.9(1) 86.19(6)
Cl13-Mol-L 91.2(3) 93.0(2) 88.26(8) 91.71(8) 95.9(1) 94.43(7)
Cl14-Mol1-Cl15 85.6(3) 85.7(2) 85.5(1) 87.6(1) 88.1(1) 87.69(6)
Cl4-Mol-L 173.2(3) 175.7(2) 172.04(8) 175.37(7) 176.7(1) 177.74(6)
Cl15-Mol-L 90.1(3) 97.8(2) 88.80(8) 91.87(7) 94.1(1) 94.45(6)
C4-O1-H1 106(8) 103(4) 110(8) 107(3) 111(2) 114(3)
[C4A-O1A-H1XA] [127(2)]
Ol1-HI --- X — 165(6)¢ 160(10)* 162(4)¢ 178(3)¢ 164(4)¢
[0100 - -+ HIXA-O1A] [159(10)]
C7-N1-C1-C2 142.3(7) —142.5(4) 145.5(3) —141.9(2) —138.6(2) —144.8(2)
C7-C8-N2-Cl12 178.6(6) —176.8(4) —177.9(2) —179.1(2) 178.8(2) 179.1(2)
Pyridine - -+ C30-C35¢ — — 3.7/21 3.4/7 — —
C1-C6 - -+ C1A-C6A“ 3.6/1 — — — — —

“X =0100." X = O1(A). “ X = 015(A). * Distance between ring centres (A)/angle (°) between ring planes.

Fig.2 Packing of 1 along the g-axis. Hydrogen bonds are indicated by
dashed lines.

The chains are further bridged by single A -+ D hydrogen
bonds, C2-H2 --- 015 [C(7)], C5-H5 --- 016 [C(8)] and
C7-H7 --- Ol [C(8)], in the c-direction (Tables 3 and S6,
Fig. S1). Additionally, the chains are linked via face-to-face n—n
interactions’ of the phenol rings (C1-C6) along the c-axis
(centroid—centroid distance 3.6 A, angle between planes 1°,
the rings stack in such a way that the N — O vectors of the
substituents enclose an angle of 120°). The connection of

Scheme 2 Triple hydrogen-bonding system of the AA --- DDD type.
Axial ligands are omitted.

chains by hydrogen bonds and n—n interactions gives rise to a
two-dimensional sheet structure (Fig. S1).

The tetrahydrofuran complex 2 (Fig. 3) crystallised from
THF-PE in the monoclinic space group 2/a with additional

J. Chem. Soc., Dalton Trans., 2002, 540-547 541



Table 3 Main geometrical parameters for H - -+ O contacts and H - - - O interactions in complexes 1, 2, 3a, 3b, 4 and 5¢

D A D-H H---A D-H-A D---A Motif Atoms Symmetry

1 C7-H7 (0] 1.08  2.56 127.5 3.33 C(8) 01-C4-C3-C2-C1-N1-C7-H7 Glide plane (c)
C7-H7 013 1.08 245 147.1 3.41 C(6) 013-C13-Mo1-N1-C7-H7 Translation (a)
C9-H9 013 1.08 237 148.5 3.34 C(7 013-C13-Mo1-N2-C8-C9-H9 Translation (a)
C2-H2 0O15 1.08  2.55 145.7 3.50 C(7) 015-C15-Mo1-N1-C1-C2-H2 Glide plane (c)
C5-H5 0o15 1.08 2.71 118.8 3.37 C(8) 015-C15-Mo1-N1-C1-C6-C5-H5 Translation (a)
C5-H5 016 1.08  2.69 129.5 3.48 C(8) 016-C16-Mo1-N1-C1-C6-C5-H5 Glide plane (c)
Cl-6 Cl-6 — — 1 3.60 n-m’ Glide plane (c)

2  Ol-HlI O100(THF) 0.98 1.73 158.6 2.67 D 0100-H1-01 —
C7-H7 013 1.08 293 101.9 3.32 C(6) 013-C13-Mol-N1-C7-H7 Translation (b)
C9-H9 013 1.08 286 105.4 3.31 C(7) 013-C13-Mo1-N2-C8-C9-H9 Translation (b)
Cl12-H12 014 1.08 272 114.3 3.31 R%(12) 014-Cl14-Mol-N2-C12-H12 Inversion
C5-H5 0O15 1.08  2.41 131.8 3.23 C(8) 015-C15-Mo1-N1-C1-C6-C5-H5 Translation (b)

3a OI-HI Ol 098 1.82 157.0 2.75 D O1-H1-01 Inversion
Ol1-HlI O100(Et,0) 0.98 1.63 159.9 2.57 D 0100-H1-01 —
C7-H7 013 1.08  2.61 121.3 3.30 C(6) 013-C13-Mol-N1-C7-H7 Translation (a)
C9-H9 013 1.08  2.67 119.0 3.33 C(7) 013-C13-Mo1-N2-C8-C9-H9 Translation (a)
C43-H43 013 1.08  2.59 150.9 3.57 C9) 013-C13-Mo1-P1-C40-C41-C42-C43-H43 2, (b)
C44-H44 Ol4 1.08 254 141.7 3.45 C(8) 014-C14-Mo1-P1-C40-C45-C44-H44 Glide plane (n)
C9-H9 014 1.08  2.58 155.6 3.59 R%(14) 014-C14-Mol-N2-C8-C9-H9 Inversion
CI2-H12 Ol4 1.08  2.41 129.2 3.20 R%(12) 0O14-Cl4-Mol-N2-C12-H12 Inversion
C5-H5 015 1.08  2.40 136.1 3.27 C(8) 015-C15-Mo1-N1-C1-C6-C5-H5 Translation (a)
C30-35 N2-C8-12  — — 1 3.72 n—n” (intramolecular) —

3b C32-H32 Ol13 1.08  2.40 137.4 3.28 C(8) 013-C13-Mo1-P1-C30-C31-C32-H32 2, (b)
C33-H33 013 1.08  2.70 138.1 3.58 C9) 013-C13-Mo1-P1-C30-C31-C32-C33-H33 Translation (b)
C2-H2 014 1.08  2.48 152.7 3.48 R%(14) 014-C14-Mol-N1-C1-C2-H2 Inversion
Ol1-Hl1 0O15 098 1.87 157.6 2.80 C(10) 015-C15-Mo1-N1-C1-C2-C3-C4-O1-H1 2, (b)
C5-H5 015 1.08 2.64 130.0 3.44 C(8) 015-C15-Mo1-N1-C1-C6-C5-H5 2, (b)
C34-H34 Ol5 1.08 247 149.2 3.44 C(8) 015-C15-Mo1-P1-C30-C35-C34-H34 Translation (b)
C30-35 N2-C8-12 — — 7.5 3.40 n—n’ (intramolecular) —
C20-25 C20-25 — — 0 3.92 n-m’ Inversion

4 Cl2-H12 Ol 1.08  2.50 121.2 3.20 C(10) 01-C4-C3-C2-C1-N1-Mol1-N2-C12-H12  Translation (a)
CIlI-H11 013 1.08 2.41 129.6 3.21 C(7) 013-C13-Mo1-N2-C12-Cl11-H11 2,(b)
C5-H5 014 1.08  2.68 118.6 3.33 C(8) 014-C14-Mo1-N1-C1-C6-C5-H5 Glide plane (n)
C3-H3 0O15 1.08  2.63 130.8 3.43 R%(16) 0O15-C15-Mol-N1-C1-C2-C3-H3 Inversion
O1-Hl 0o15 098 1.84 168.6 2.81 R%(20) 015-C15-Mol-N1-C1-C2-C3-C4-O1-H1  Inversion

5 CI2-H12 Ol 1.08  2.49 136.7 3.36 C(10) 01-C4-C3-C2-C1-N1-Mol-N2-C12-H12  Translation (a)
Cl1-H11 013 1.08 242 129.3 3.21 C(7 013-C13-Mol1-N2-C12-C11-H11 2, (b)
C5-H5 014 1.08 2.86 118.8 3.51 C(8) 014-C14-Mo1-N1-C1-C6-C5-H5 Glide plane (n)
C3-H3 0O15 1.08 257 128.7 3.35 R%(16) 015-C15-Mol-N1-C1-C2-C3-H3 Inversion
Ol1-Hl1 0O15 098 1.90 162.3 2.85 R%(20) 0O15-C15-Mol-N1-C1-C2-C3-C4-O1-H1  Inversion

“The C-H and O-H distances are normalised (1.08 and 0.98 A). The observed C-H and O-H distances are given in Table S6. Al D --- A
distances < 3.6 A and D-H - -+ A angles > 115° (except for complex 2) are reported. The full report of all contacts is for completeness only, with
the aim of extracting common features. Not all contacts are necessarily considered attractive in nature, which might be particularly true for the
CH - - - O contacts. ” n—r interaction. Here the D - -+ A distance corresponds to the distance between the ring centres and the D-H - -+ A angle to

the angle between the ring planes.

Fig.3 Packing of 2 along the h-axis. Hydrogen bonds are indicated by
dashed lines.

solvent molecules in the crystal lattice. One THF molecule is
attached to the hydroxo group of the ligand via a hydrogen
bond (Fig. 3, Table 3), with another THF molecule as a solvate
(disordered and with s.o.f. < 1). Within graph theory descrip-
tion, the hydrogen-bonded aggregate is referred to as a finite D
motif.'* Two such solvent adducts are connected by a ring motif
R?,(12)'*'* (Table 3, Fig. S2). The same combination of C(6),
C(7) and C(8) chains, as found in the lattice of 1, is present
(although the C7-H7 --- O13 and C9-H9 - -- O13 bonds are
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longer and more strongly bent than observed for compound 1,
Table 3) resulting in a triply linked chain (Scheme 2, Fig. 3).
Together with a ring motif R?,(12),'* a one-dimensional band
structure is obtained. These bands are blocked from further
cross-linking due to the THF molecule blocking the OH
group.”

A solvent-assisted hydrogen bond is observed in the solid-
state structure of the triphenylphosphane complex 3a as
crystallised from CH,Cl,-Et,O (Fig. 4). In this case, the OH
group of the ligand acts both as a hydrogen donor and as a
hydrogen acceptor (Table 3). Although disordered around
a crystallographic inversion centre, this arrangement (including
all hydrogen atoms) has been extracted from the diffraction

Fig. 4 Molecular structure of 3a. Hydrogen bonds are indicated by
dashed lines and n—n interactions by darker dashed lines.



data. Within graph theory, this aggregate is termed a finite DD
structure.’

C-H - -+ OC contacts between C7-H7 - - - O13 [C(6) motif],
C9-HO9 - -- 013 [C(7) motif] and C5-HS5 --- O15 [C(8) motif]
of molecules translated along the a-axis are present giving the
same triple hydrogen bonding of the AA --- DDD type as
found in the lattices of 1 and 2 (Fig. 5, Scheme 2, Table 3). Two

a-axis

Fig. 5 Packing of 3a along the a-axis. Hydrogen bonds are indicated
by dashed lines.

further hydrogen bonds from CH groups of one phenyl ring of
the phosphane ligand (C40-C45) to carbonyl groups of neigh-
bouring molecules are present, connecting the triply linked
chains in all directions (Tables 3 and S6, Fig. S3 and S4).
In addition to these chain motifs, two ring motifs R?(12)
and R?,(14) (Tables 3 and S6, Fig. S5 and S6) are observed
further cross-linking the molecules. The resulting structure has
a three-dimensional architecture with all complexes nine-fold
interconnected.'

If the same phosphane complex is crystallised from CH,Cl,—
PE (in the absence of acceptor solvents), a completely different
molecular packing is observed (a pseudo-polymorph '”*¥). The
arrangement of the individual molecules of 3b along the
crystallographic b-axis is depicted in Fig. 6. Hydrogen bonds

b-axis

Fig. 6 Packing of 3b along the b-axis. Hydrogen bonds are indicated
by dashed lines.

from the OH group of the ligand to the carbonyl group (C15-
O15)* trans to the pyridine of another molecule (related to the
first by a two-fold screw axis) is observed (Fig. 6, Scheme 3 top/
left, Table 3). This hydrogen-bonding pattern gives rise to a
helical arrangement of the molecules along the crystallographic
b-axis (2, screw axis) and can be described by a C(10)
notation." This rather strong hydrogen bond is accompanied
by a weaker bond between O15 and H5 (Fig. 6: H5-C5-C6—
C1-N1-Mol-C15-015; C(8) motif), resulting in a double
hydrogen bond of the A - -+ DD type (Scheme 3 top/left). This
chain arrangement is similar to the catena motif found for
carboxylic acids (Scheme 3 bottom/left). The helical chain is

further stabilised by two single hydrogen bonds from phenyl
hydrogen atoms (H33, H34) to carbonyl groups (013, O15),
giving a C(9) and a C(8) chain motif, respectively (Table 3,
Fig. S7). Helices with different absolute configuration are
linked in the c-direction via a C(8) motif of hydrogen bonds
between C32-H32 - - - O13 and in the a-direction via a R%,(14)
ring motif of hydrogen bonds C2-H2 --- O14 (Table 3, Fig.
S8) propagated by a face-to-face m-stacking interaction’
through one of the aromatic rings of the PPh; ligand (C20—
C25; centroid—centroid distance 3.9 A; the rings stack in such a
way that the P — C vectors of the P substituent enclose an
angle of 180°). Thus, a three-dimensional network is obtained
with all complexes eight-fold connected.?

In addition to the intermolecular n—n interaction, an intra-
molecular contact between the pyridine ring of the ligand and
one phenyl group of the phosphane ligand (C30-C35) with a
centroid—centroid distance of 3.7 A and an interplanar angle of
21° is observed,” as has also been found in the structure of 3a
(centroid—centroid distance 3.7 A, interplanar angle 7°, Fig. 4).

The two isonitrile complexes 4 and 5 both crystallise from
CH,CL,-PE in the monoclinic space group P2,/n without
solvent molecules. In both cases, a R%,(20) ring motif (Fig. 7
and 8, Table 3) from the OH group of the ligand to the CO

Fig. 7 Molecular structure of 4 showing the R2,(20) and RZ%,(16)
motifs. Hydrogen bonds are indicated by dashed lines.

Fig. 8 Molecular structure of 5 showing the R2,(20) and R?,(16)
motifs. Hydrogen bonds are indicated by dashed lines.

group (C15-015) trans to the pyridine of the second complex is
observed.' This strong hydrogen bond is assisted by a weak
hydrogen bond between C3-H3 -+ O15 [ring motif R%,(16)],
giving a double hydrogen bond of the A --- DD type (Fig. 7
and 8, Scheme 3 top/right) similar to that found in the structure
of 3b. The motifs of 3a and 3b are thus similar concerning the
local geometry but differ in the symmetry connecting the
molecules: 2, screw axis for 3a and inversion centre for 3b,
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Table 4 Experimental (CH,Cl,) and calculated (DFT) IR absorption energies and intensities and root-mean square deviation of experimental and

DFT calculated geometries

Mulliken charges
¥icolom ™! (intensity) Ven/om ™! (intensity) rms /A o13 014 015
1 2016 (m), 1910 (vs), 1889 (sh), 1839 (s) —
D-1 1965 (31), 1876 (35), 1872 (100), 1844 (60) 0.15 -0.19 —=0.15 —0.18
2 1908 (vs), 1797 (br, vs)® —
D-2 1887 (100), 1813 (79), 1796 (86) 0.21 —-0.22 —0.20 -0.21
3a/b 1919 (vs), 1827 (s), 1800 (s) —
D-3 1899 (100), 1831 (74), 1810 (89) 0.14 —=0.21 —0.18 -0.21
4 1917 (vs), 1833 (s), 1803 (s) 2138 (s)
D-4 1903 (100), 1845 (65), 1820 (79) 2176 (70) 0.20 —=0.21 —0.18 —-0.20
5 1918 (vs), 1834 (s), 1804 (s) 2132 (s)
D-4 1903 (100), 1845 (65), 1820 (79) 2176 (70) 0.13
@ All ligand atoms (excluding H atoms) and the Mo(CO), fragment were superimposed. * In THF.
B B B
(0] 0} (0]
N Z N Z N 7,
NP NP \ €7
/NI % NS /NI % NS /IVI %
N C C C
N N -H N N -H N S _
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H H \
H
:
H H H
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Mo Mo \Mo
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| AN o) ‘ N\ 0 O/// N g |
= = o
2, screw axis ’ inversion centre
T ?
% o™ i
LA "o
o_ 0 o_,0 0. 0
\?// \(‘;// \\?/
R R R
Scheme 3 Double hydrogen-bonding systems of the A - -+ DD type around a 2, screw axis (left) and an inversion centre (right), and comparison

with hydrogen bonding of carboxylic acids (bottom). Axial ligands are omitted.

which is topologically similar to the catena and ring motifs of
carboxylic acids (Scheme 3 bottom).

Three chain motifs [C(7), C(8), C(10); Table 3] between
hydrogen atoms of the ligand and carbonyl groups and the
hydroxy oxygen are additionally observed in the solid-state
structures of 4 and 5 (Fig. S9-S11). The combination of
these hydrogen bonds results in a three-dimensional network
structure with all complexes seven-fold connected.?!

Computational studies and discussion

Individual complexes. To get further insight into the structure
and bonding of the complexes, a DFT computational study was
performed on all complexes or model complexes, respectively
(Scheme 1). The geometries of the model complexes D-1-D-4
(Scheme 1) were optimised and a frequency analysis was per-
formed in each case. For all compounds, the calculated and
experimental structures are in good agreement (Table 4,
Fig. S12-S17).

As the phenolic hydroxo group and the phenol ring constitute
very important sites for the intermolecular interactions, a closer
inspection of these groups seems appropriate: for all com-
pounds (and their models) the torsion angle C7-N1-C1-C2 of
the phenol with respect to the imine is found to be around
+143(2) (experimental mean value) and *138(2)° (calculated
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mean value). All other angular values found in the solid state
are even more rigid (Table 2) and are also well reproduced by
the DFT calculations (Tables S1-S4). Hence, the solid-state
geometries of the individual molecules (excluding inter-
molecular interactions) are well described by the theoretical
models, which is even true for the rather flexible phenol ring.
This additionally shows that the orientation of the phenol ring
is an intrinsic property of the molecules and not influenced by
packing forces or hydrogen bonding. Furthermore, the IR data
obtained experimentally in solution for the complexes 1-5' and
calculated by DFT methods for the model complexes D-1-D-4
(frequencies are not scaled) agree well (Table 4). In summary,
the DFT method is appropriate for modelling the structures of
the individual complexes.

Hydrogen bonding of CH to CO. This type of hydrogen bond-
ing is rather common in the crystal structures of organometallic
compounds owing to the fact that a vast number of structures
with carbonyl and CH-containing ligands exists. Usually, the
donor-acceptor distances lie in the range 3.3 to 3.6 A,% as has
also been observed for complexes 1-5 (Table 3). A detailed met-
rical discussion of bond lengths and angles involving hydrogen
atoms (although given for the sake of completeness in Table 3)
is omitted due to the inherently poor accuracy of the hydrogen
positions determined by X-ray crystallography. Remarkably,



hydrogen bonds in the crystal lattice of the tetracarbonyl
complex 1 occur four times more often to carbonyl groups trans
to nitrogen donors (013, O15: 4 X) than to the other CO groups
(014, O16: 1 X). The former are supposed to be the most basic
CO groups due to the stronger n-backbonding. This stronger
basicity is also reflected in the computed Mulliken charges for
the model complex D-1 (Table 4). Replacing one CO ligand by
weaker m-acceptors or stronger c-donors in the complexes 2-5
renders the CO group trans to that ligand (C14-O14) more
basic and thus allows for hydrogen bonding to that oxygen
atom (Table 3). This explanation is in accord with the computed
Mulliken charges of —0.18 to —0.21 for all the carbonyl oxygen
atoms in the model complexes D-2-D-4.

Hydrogen bonding of OH to external acceptors. The experi-
mental data show that hydrogen bonding to external hydrogen
acceptors such as THF or Et,0 (2, 3a) is favoured over hydro-
gen bonding of OH to the carbonyl groups of the Mo(CO),
fragment. The observation that CO participates in strong
hydrogen bonding only when other (stronger) acceptors are not
in competition has previously been made."

Hydrogen bonding of OH to carbonyl groups. In the absence
of external acceptors, the CO groups of the Mo(CO), fragment
become engaged in hydrogen bonding to the OH group (3b-5).

There are only few precedents of such CO - - - HO interactions
in the literature,®?? while CO --+ HC interactions are more
common. In all cases, the CO - - - H angles are between 180 and

120° (3b: 167; 4: 152; 5: 150°) suggesting a ketone-like behaviour
of the carbonyl groups.®

This is also reflected in the IR spectrum. The solid-state IR
spectra of 3a and 3b are shown in Fig. 9.2 A significant shift
(24 cm™") of the band due to the asymmetric CO stretching
vibration to lower energy is observed for the solvent-free com-
plex 3b as compared to that of 3a. In the former case, the CO
group (O15) is hydrogen bonded to a hydroxo group. In a quali-
tative MO description (although H-bonds are considered both
electrostatic and covalent in nature), the donation of electrons
occurs to some extent from the bonding m-orbital of the CO
group (in addition to the o* orbital) to the hydrogen atom, as
suggested by the non-linear CO - - - H arrangement (Scheme 4).
Thus, the C-O m-bonding orbital is depopulated, resulting in
a weaker C-O bond strength and consequently leading to a
low-energy IR absorption.

absorbance

4000 3500 3000 2500 2000 1500 1000 500

wavenumber / cm”

Fig. 9 IR spectra of 3a and 3b in Csl.

This interpretation is confirmed by a DFT calculation of the
model complex D-1 with a water molecule hydrogen-bonded
to the appropriate CO group (D-1-H,O, Scheme 4, Fig. S18,
Table S5; O ---H 1.96 A, C-O --- H 127°). The calculated
shift of the absorption band due to the asymmetric CO
stretching vibration is 28 ¢cm™'!, in good agreement with the
experimental value (Scheme 4).

The O --- O distances between the acceptor and donor
oxygen atoms are significantly shorter (3b: 2.80; 4: 2.81; 5:
2.85 A) than those found in the solid-state structures of

11
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Scheme 4 Hydrogen bonding to carbonyl groups.

(n®-2-methyl-1-hydroxyindenyl)Cr(CO); (O -+ O 3.01 and
327 AY?) and [(u-OH),{(n*-2-MeC,H,)(CO),-3,5-Me,-
pyrazole}Mo,] (O --- O 3.00 and 2.95 A™?®), suggesting a
rather strong interaction. The O(carbonyl) - -+ O(water) dis-
tance calculated for the model complex D-1-H,O is 2.90 A, in
good agreement. Table 3 clearly shows that donor—acceptor dis-
tances for CH - - - OC interactions are greater than 3.0 A, while
the common “organic” hydrogen bonds between OH and hard
acceptors such as solvent molecules show donor—acceptor dis-
tances less than 2.8 A. Clearly, the observed distances for
hydrogen bonds between OH and carbonyl groups in the struc-
tures of 3b-5 approach the values for the lengths of classical
organic hydrogen bonds. This may be explained on the basis
that the Schiff base ligand, as a rather strong donor, renders
the molybdenum centre electron-rich and allows for strong
n-backbonding to the CO groups. The carbonyl groups thus
become rather electron-rich at the oxygen atoms.

The energetic difference between the chain motif C(10)/C(8)
of 3b and the ring motifs R%,(20)/R?,(16) of 4 and 5 is probably
not very large, as in both cases the same number and type of
strong hydrogen bonds are present (Scheme 3 top; in the former
case related by a screw axis and in the latter cases related by an
inversion centre). The structures of the complexes 3b-5 there-
fore appear similar with respect to their strong hydrogen bonds,
but differ concerning other weak interactions. In the phoshane
complex 3b, an additional n—r interaction exists between phos-
phane aryl rings of molecules belonging to different chains.
This type of interaction would clearly be impossible in a ring
motif, as the available phosphane aryl rings not involved in
intramolecular n-stacking with the pyridine would be buried
within the dimeric aggregate.

n—m interaction. m-stacking’ is also relevant for complex 1.
Here, a n—m interaction between the phenol groups exists, in
addition to weak CH - -- OC hydrogen bonds (Table 3). Such
an interaction may be due to several reasons: the m-interaction
is stronger than hydrogen bonding and/or the packing is more
dense with stacked aromatic rings than with hydrogen bonds
(increased packing efficiency). In this context, it is remarkable
that with bulkier ligands than CO no n-stacking of phenol rings
is observed, implying that there is too much steric crowding on
one side of the phenol ring.

Common patterns. Although very different architectures
(Table 5) are realised, two common hydrogen-bonding patterns
are observed: the triple hydrogen bond (Scheme 2) and the
double hydrogen bond (Scheme 3). Clearly, multiple hydrogen
bonds have a larger predictive power due to their strength and
their distinctive directionality in comparison to the weaker and
more flexible single hydrogen bonds.'* The investigated com-
plexes can be divided into two groups (Table 5): 1-3a, showing
the triple hydrogen-bonding motif consisting of three weak
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Table 5 Types of hydrogen-bonding motifs

Short axis/A Tor“/em™! OH group blocked by Motif Architecture”
1 9.056 3550 T—7 interaction AA --- DDD chain Sheet
2 7.905 3230 THF AA --- DDD chain Band
3a 8.718 3346 Et,0 AA --- DDD chain iD
3b 9.676 3448 — A --- DD chain 3D
4 11.576 3434 — A -+ DD dimer iD
5 11.537 3461 — A --- DD dimer 3D

“In Csl. * Including all hydrogen—acceptor contacts <3 A and all n—r interactions.

CH --- O bonds (AA --- DDD type, Scheme 2) and 3b-5,
exhibiting the double hydrogen-bonding motif consisting of
one rather strong OH -+ O and one weak CH --- O bond
(A --- DD type, Scheme 3). For 2 and 3a, formation of the
double hydrogen bond is prevented by the solvent molecules
blocking the hydroxo group, whereas for 1, simultaneous n—mn
interaction between the phenol groups and engagement of the
OH group in hydrogen bonding to a carbonyl group is sterically
impossible (Table 5). Thus, it might be concluded that the
double A --- DD hydrogen bond is preferred, and only if this
pattern cannot be formed is the triple AA -+ DDD pattern
realised.

These different motifs are not only detected in the X-ray
crystal structure determination, but also the cell parameters
allow a differentiation to be made. Large cell axes prevent a
translational packing, as required by the triple-bonding motif,
while a short axis (approximately 8-9 A) indicates this motif
(Table 5). Additionally, IR spectroscopy allows a differentiation
to be made: the frequency of the OH stretching vibration
(Fig. 9, Table 5) obtained for complexes exhibiting the doubly
bonding motif (4b—6) lie in a range of 34303460 cm™', while a
hydrogen bond to a solvent molecule is indicated by frequencies
below 3350 cm ™! (3, 4a) and an almost undisturbed OH bond
absorbs at frequencies above 3500 cm™' (1). Thus, intermediate
energies for the OH vibration indicate the double A --- DD
hydrogen bond motif.

Conclusion

It has been shown that several intermolecular interactions
occur between complexes of the type [HO-NNN')|Mo(CO),L
which determine the packing of the molecules. The balance and
competition between these interactions (strong and weak
hydrogen bonding, n-—m stacking, packing efficiency) can not
a priori be predicted in these structures, but can be explained in
the context of strongest bonds/interactions, steric availability
and dense packings. Two common hydrogen-bonding patterns
have been discovered in the solid state structures of this type of
complex. External hydrogen acceptors (solvent molecules) pre-
vent formation of the double hydrogen-bonding motif
A --- DD and allow for the triple hydrogen-bonding pattern
AA --- DDD, so that in that respect, partial prediction and
“design” of a crystal structure is possible. For the overall struc-
ture, all non-covalent interactions between the molecules have
to be taken into account when trying to explain or, eventually,
even predict crystal structures in the growing field of “inorganic

crystal engineering” 34615

Experimental

Unless noted otherwise, all manipulations were carried out
under argon by means of standard Schlenk techniques. All
solvents were dried by standard methods and distilled under
argon prior to use. All other reagents were used as received
from commercial sources.

NMR: Bruker Avance DPX 200 at 200.15 (*H) and 50.323
MHz (**C) at 303 K; chemical shifts (§) in ppm with respect to
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residual solvent peaks as internal standards: CD,Cl, (‘H:
6 =5.32; 3C: 6 = 53.8). IR spectra were recorded on a BioRad
Excalibur FTS 3000 spectrometer using CaF, cells or CsI disks.
UV/Vis/NIR spectra were recorded on a Perkin Elmer Lambda
19 using 0.2 cm cells (Hellma, suprasil). FAB mass spectra were
recorded on a Finnigan MAT 8400 spectrometer in 4-nitro-
benzyl alcohol matrices. Elemental analyses were performed by
the microanalytical laboratory of the Organic Chemistry
Department, University of Heidelberg.

Computational method

Density functional calculations were carried out with the
Gaussian98/DFT? series of programs. The B3LYP formu-
lation of density functional theory was used, employing the
LanL2DZ basis set.>* Harmonic vibrational frequencies and
infrared intensities were calculated by numerical second
derivatives using analytically calculated first derivatives.

Crystallographic structure determinations

The measurements were carried out on an Enraf-Nonius Kappa
CCD (diffractometer using graphite monochromated Mo-Ka
radiation. The data were processed using the standard Nonius
software.”> All calculations were performed using the SHELXT
PLUS software package. Structures were solved using direct or
Patterson methods with the SHELXS-97 program and refined
with SHELXL-97.° Graphical handling of the structural
data during refinement was performed using XMPA? and
WinRay.?® Atomic coordinates and anisotropic thermal
parameters of the non-hydrogen atoms were refined by full-
matrix least-squares calculations. Data relating to the structure
determinations are collected in Table 6.

CCDC reference numbers 168307-168312.

See http://www.rsc.org/suppdata/dt/b1/b106456h/ for crystal-
lographic data in CIF or other electronic format.

Synthesis

The synthesis of compounds 1-4 has been reported previously.!
Complex 5 was prepared analogously to complex 4, using
1 mmol cyclohexyl isonitrile instead of zert-butyl isonitrile
(395 mg, 82%). Elemental analysis, found: C, 53.96; H, 4.44; N,
8.65%. C,,H,;N;0,Mo requires C, 54.33; H, 4.34; N, 8.62%.
mlz (FAB): 489 (M™, 58), 461 (IM — CO]", 100). A (CH,Cl,) =
617 nm (6870 M~' cm™'). Jy (CD,CL): 1.3-1.6 (m, 10 H,
Cy-CH,), 3.66 (s, br, 1 H, Cy-CH), 6.96 (br, d, 2H, 0-CH), 7.41
(pt, 1H, Py-H?), 7.48 (d, 2H, m-CH, 3Jyy = 7 Hz), 7.87 (m, 2H,
Py-H?, Py-H*), 8.55 (s, 1 H, N=CH), 9.22 (d, 1H, Py-H", 3Jyyys =
5 Hz). 0(CD,Cl,): 22.5, 25.3, 32.8 (s, Cy-CH,), 116.0 (s, 0-CH),
124.0 (s, m-CH), 125.8 (s, Py-C?), 128.0 (s, Py-C*), 136.3
(s, Py-C?%), 146.2 (s, p-C), 152.6 (s, Py-C"), 155.1 (s, i-C), 157.0
(s, Py-C%, 158.9 (s, N=CH), 210.2 (s, CO,,), 227.4, 230.2
(s, CO,,) [Cy-CH under solvent signal; CyNC not observed].

Crystals suitable for X-ray crystallographic determinations
were obtained as follows: 2: diffusion of PE into a THF solu-
tion; 3a: diffusion of Et,O into a CH,CI, solution; 1, 3b-5:
diffusion of PE into CH,Cl, solutions.



Table 6 X-Ray crystallographic data for 1-5

1 2 3a 3b 4 5

Formula C,6H;(N,OsMo CoH;sN,OsMo+  C;3H,sN,0,PMo-  C;;H,sN,O,PMo  C,,H,,N;0,Mo C,,H,N;0,Mo
0.95 THF 0.5 Et,0
Molecular mass 406.21 450.30 640.49 640.49 461.33 487.36
Crystal dimensions/mm  0.10 X 0.08 X 0.03  0.35x 0.20 X 0.05 0.10 X 0.08 x 0.05 0.10 X 0.08 x 0.05 0.40 %X 0.20 X 0.03  0.50 x 0.15 % 0.10
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group (no.) P2,/c (14) D/a (15) P2,/n (14) P2,/n (14) P2,/n (14) P2,/n (14)
alA 9.056(2) 22.991(5) 8.718(2) 16.464(3) 11.576(2) 11.537(2)
blA 24.644(5) 7.905(2) 16.681(3) 9.676(2) 13.114(3) 12.954(3)
clA 7.091(1) 27.559(6) 21.761(4) 18.523(4) 13.293(3) 14.109(3)
pr 108.93(3) 94.70(3) 95.32(3) 104.89(3) 92.89(3) 96.72(3)
Cell volume/A? 1497.0(5) 4992(2) 3151(1) 2852(1) 2015.4(7) 2094.1(7)
Molecular units per cell 4 8 4 4 4 4
/mm™! 0.906 0.563 0.510 0.557 0.681 0.660
Density (caled)/gem™  1.802 1.381 1.418 1.492 1.520 1.546
TIK 200 200 200 200 200 200
Scan range (20/°) 4.8-60.1 4.8-55.7 4.5-64.1 3.8-64.1 4.4-60.0 4.3-74.0
Scan speed/sec frame™' 10 20 10 10 5 5
Measured reflections 3781 22486 20837 19266 10509 19800
Unique reflections 2765 5935 10893 9904 5858 10629
Obs. reflections (/> 20) 1860 4072 7255 7035 4072 8333
Parameters refined 226 354 492 470 329 316
Max./min residual 1.55/-0.59 1.33/-0.55 1.24/-0.93 0.73/-0.99 0.76/—0.55 0.67/—1.297
electron density/e A~

Agreement factors (o) R;=6.7 R,=6.1 R,=49 R, =438 R,=42 R, =37
F? refinement (%) R,=124 R, =184 R,=125 R,=13.1 R,=84 R,=10.1
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