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The compounds [{M(CO),(p,-OH)},] ( M  == M n  1 or Re 2). which are cubane-like molecules 
possessing Td symmetry with four strong hydrogen-bond donor moieties rigidly directed towards the 
vertices of a tetrahedron, cocrystallized with 2 equivalents of a series of linear difunctional hydrogen- 
bond acceptor molecules or 'spacers' to afford 1 4  three-dimensional superdiamondoid networks with 
varying, but predictable, extents of interpenetration according to X-ray crystallography. The extent can 
be rationalized on the basis of the volume and length of the spacer molecule: benzene, toluene, p- 
xylene, p-fluorotoluene, naphthalene, 1 -methylnaphthalene (all via R -  hydrogen bonds), N,N,N',N'- 
tetramethylethane-1.2-diamine (tmen), 1.2-bis(diphenylphosphoryl)ethane (dppoe) and 1.4-diamino- 
benzene (dab) afford two-fold networks; 1,2-diaminoethane (en) and 2-chloropyrazine (cpyz) 
afford three-fold networks; 4.4'- bipyridyl (bipy) and 4.4'- bipiperidine (bipip) afford four-fold 
networks. The adducts 1 -2dppoe. 202dab. l-2bipy. 2-2bipy and 102bipip crystallize with enough space 
in the crystal lattice to enclathrate one, four, two, two and two acetonitrile molecules per molecule 
of cubane, respectively. All fourteen networks crystallize in space groups that reflect at least some of 
the symmetry inherently present in 1 and 2. 

exploitation of network hydrogen bonding in order to crystal 
engineer solids represents an area of considerable general and 
topical interest. Whereas three-dimensional networks such as 
ice and KH,PO, represent long and well known examples 
of tetrahedral self-assembly in the solid state,2 the ability of 
appropriately tetrafunctionalized organic molecules with 
approximate S, symmetry to form superdiamondoid networks 
has only recently been subjected to s t ~ d y . ~  These networks are 
structurally analogous to diamond but the linkages are self- 
assembled hydrogen bonds rather than C-C bonds. In order to 
fill the space in the crystal lattice that is a consequence of large 
separations between the tetrahedral centres, the prototypal 
organic superdiamondoid compounds, adamantane- 1,3,5,7- 
tetracarboxylic acid 3" and 3,3-bis(carboxymethyl)glutaric acid 
('methanetetraacetic undergo self-inclusion to exist as 
three- and five-fold independent networks, respectively. 
Although the networks interpenetrate there is no requirement 
for a measurable attraction between the networks other than 
the weakest of non-covalent interactions. The potential 
significance to inclusion chemistry was noted immediately and 
has subsequently been realized by work which demonstrates 
that such 'tectons' can be modified to afford inclusion of 
moderately sized guest molecules in the crystal l a t t i ~ e . ~  The 
term 'tecton' has been coined to define molecules which 
inherently have the requisite symmetry and functionality 
predictably to self-assemble.," Unfortunately, there remain 
several drawbacks to the single component self-assembly 
approach: the very limited number of tetrafunctionalized 
molecules with the requisite symmetry and ability to self- 
assemble, their synthetic accessibility and the consequences 
upon the network superstructure of derivatizing them. We 
recently communicated an alternative approach which has the 

t Siipp1enwntur.v clutu rrvuiluhle: see Instructions for Authors, J. Ciiem. 
Soc., Dullon Trcms.. 1995, Issue 1 ,  pp. xxv-xxx. 

potential to be far more versatile and general than single- 
component self-assembly: cocrystallization of a Td molecule 
which contains four strong hydrogen-bond-donor groups but 
no strong hydrogen-bond-acceptor moieties with a linear 
difunctional hydrogen-bond-acceptor or 'spacer' molecule. 
Such a process, modular self-assembly of complementary 
molecules, will occur in a predictable fashion if the molecules do 
not have the functionality to self-assemble. In principle, 
modular self-assembly will permit substitution of a wide range 
of either Td or linear 'spacer' molecules. It is important to 
distinguish between self-assembly of identical molecules and 
self-assembly of different but complementary molecules. The 
term strict self--assembly would be appropriate to describe 
cocrystals formed by directed non-covalent interactions but 
does not necessarily exclude single-component self-assembly. 
Fig. 1 compares the single-component self-assembly and 
modular self-assembly approaches to construction of diamon- 
doid networks. It should be noted that the approach shown in 
Fig. 1 is not the only multiple-component approach to crystal 
engineering of diamondoid solids. For example, two complemen- 
tary S,  moieties could cocrystallize.' 

Our prototypal diamondoid compound, [{ Mn(CO)3(p3- 
OH)),]-2en 102en (en = 1,2-diaminoethane) crystallizes in a 
cubic space group and consists of three interpenetrating 
superdiamondoid networks in which OH en 9 . HO hydro- 
gen bonds serve as the geometric function of the C-C bonds in 
diamond itself. The network is superdiamondoid as a 
consequence of the Td symmetry of 1, a known and readily 
accessible molecule,* its four hydrogen-bond donor moieties 
which are rigidly directed towards the vertices of a tetrahedron, 
and the large separation between the tetrahedral centres. We 
have already demonstrated that the p3-0H moieties are strong 
hydrogen-bond donors since 1 is capable of forming 4:  1 
adducts with simple hydrogen-bond acceptors such as water 
and triphenylphosphine oxide. Although 1 is a cubane-like 
molecule, in the context of this study it should simply be 
regarded as a rigid Td tetrafunctional hydrogen-bond donor 
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Fig. I Schematic representation of self-assembly and modular self- 
assembly in the context of superdiamondoid hydrogen-bonded 
networks 

Fig. 2 Schematic of the tetrafunctional hydrogen-bond donors 
[{M(CO),(p,-OH)),] (M = Mn or Re) showing the tetrahedral 
orientation of the donor moieties 

(Fig. 2). In this contribution we demonstrate that the modular 
self-assembly approach to construction of superdiamondoid 
networks is surprisingly facile and general and present full 
details of 102en and thirteen other diamondoid networks 
formed from 1 or its rhenium analogue, 2,'' and twelve other 
'spacer' molecules, including aromatic molecules which 
assemble superdiamondoid structures via bridge n-hydrogen 
bonding. 

Results and Discussion 
Compounds 1 and 2 readily cocrystallize with benzene, toluene, 
p-xy lene, p-fluoro toluene, naphthalene, I -met hylnaph thalene, 
N,N,N',N'-tetramethylethane- I ,Zdiamine (tmen), 1,2-bis(di- 
phenylphosphory1)et hane (dppoe), 1,4-diaminobenzene (dab), 
1,2-diaminoethane (en), 2-chloropyrazine (cpyz), 4'4'-bipyridyl 
(bipy) or 4,4'-bipiperidine (bipip) to afford superdiamondoid 
networks with varying degrees of interpenetration, openness 
and distortion. All networks are based upon the ability of the 
second component or 'spacer' molecule to bridge adjacent 
molecules of 1 or 2 in a linear or approximately linear fashion. 
The spacer molecules are difunctional hydrogen-bond accep- 
tors, meaning that the stoichiometry of each cocrystal is 
1 -2spacer or 202spacer. Crystallographic evidence suggests that 
the p3-OH moieties do not deprotonate even in the presence of 
the more basic hydrogen-bond acceptors since, as detailed in 
the Experimental section, OH hydrogen atoms were either 
located or refined. One might be surprised that arene molecules 
can serve as spacer molecules but this is indeed what occurs in 
the absence of more conventional hydrogen-bond acceptors. 
However, that 0-H arene Ic-hydrogen bonds can occur is 
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Fig. 3 Perspective views of the geometries around the spacer molecules 
in the bridging regions of the following cocrystals: (a) l-2C6H,, (b) 
1-2C,H,Me/l.2C6H,Me,-1 ,4/1-2MeC6H,F-4, (c) 1-2CIOH8, (d) 
1.2C,,H,Me-l, (e) l*2tmen, (f) 1.2dppoe, (g) 2*2dab, (h) 1*2en, ( i )  
1-2bipy and (j) l-2bipip. The 0 - - C distances within 3.75 A are 
indicated 

precedented and a number of inter-"-'4 and intra- 
molecular' 5 -  attractions have been crystallographically 
characterized. The geometries of the spacer regions in ten of the 
superdiamondoid structures are depicted in Fig. 3 and reveal 
how each spacer serves the same crystal engineering function. 
The structures of the fourteen diamondoid solids are 
summarized individually and then discussed as a group. 

1-2C6H6.-A two-fold (i.e. two interpenetrating but 
independent networks) undistorted superdiamondoid network 
is observed. An adamantoid portion of one of the networks and 
a simplified view of two interpenentrated adamantoid units are 
presented in Fig. 4. The diamondoid nature of the framework 
represents a manifestation of benzene acting as an acceptor to 
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Fig. 4 (u )  Perspective view of  an adamantoid portion of  one of  the two 
superdiamondoid networks that exist in l.2C6H6. ( b )  A schematic of  
two interweaving adamantoid portions of  the two-fold superdiamon- 
doid network. Carbonyl ligands and hydrogen atoms have been omitted 
for clarity 

x-hydrogen bonds at both of its faces. Therefore, even very 
weak non-covalent interactions' are capable of sustaining a 
superdiamondoid lattice framework. The bridge x-hydrogen- 
bonding mode has previously been proposed to explain the 
presence of benzene molecules in crystals of [Mn,(CO), {p3- 
F,(OH),-,}]-2C6H6 (in which the F and OH moieties are 
disordered) and &2C6H6 but the consequences in terms of 
supramolecular architecture were not discussed. ' ' The species 
l-2C6H6 deserves particular attention since benzene (point 
group Dbh) is the only one of the spacer molecules utilized 
herein that can sustain retention of the full Td symmetry of 1, 
and, even then, only if the bridging interaction retains three- 
fold symmetry. The observed interaction is indeed three-fold 
symmetrical and I lies around a crystallographic 33m or T, 
position. Similarities in terms of space-group symmetry 
between 1=2C,H, and diamond itself would therefore be 
expected. Only six of two hundred and thirty space groups can 
hold 33m symmetry: F d m  (adopted by diamond), Pn3m 
(adopted by l-2C,H6), 133m, F33m, FnzJm and P33m. The 

'intercube' separation (i.e. the distance between the centres of 
adjacent molecules of 1 within the same network) is 9.74 A, 
which predictably facilitates enough lattice space to self-include 
the second identical but independent network. Of the 
aforementioned six space groups, Pnlfm is the only one that 
has two equivalent 33m sites. Therefore, for l*2C6H6, it is 
reasonable to assert that not only the crystal architecture but 
also the space group can be predicted with a reasonable degree 
of certainty. 

Intermolecular OH arene x-hydrogen bonds are presum- 
ably ubiquitous"-'4.'9 but a recent study reveals only five 
examples of such interactions that are unambiguous according 
to X-ray crystallography,20 none of which is of the bridging 
type encountered in this study. To our knowledge, l-2C6H6, 
2.2C6H6, [Mn,(CO)12{p3-F,(OH)4 -,)]*2C6H, and the 
subsequently described 1*2C6H,Me, l*2C,H,Me2-1,4, 
1 0 2 M e c ~ H ~ F - 4 ,  1*2CloH, and 1-2CloH7Me-I represent the 
only unambiguous X-ray crystallographic characterizations of 
arenes that bridge to both faces via O-H - arene HO x- 
hydrogen bonds. Intermolecular O-H arene x interactions 
have also been studied by spectroscopy and rationalized 
through computational chemistry.2 For water and benzene, 
the interaction appears to be symmetrical with O[H] cen- 
troid distances of the order of 3.1-3.2 A; N-H - arene ' 8 . 2 2  and 
C-H arene 2 3 - 2 6  interactions with similar intermolecular 
contacts have also been recently observed. In l*2C6H6, in order 
to be classified as a n-hydrogen bond one would expect 
O[H] C contacts to be within 3.75 A,27 and in the present 
study only O[H] - - .  C distances less than this limit are 
reported. There are two OCH] C contacts, 3.582(9) and 
3.591(8) A, because there is a slight chair distortion of the 
benzene. One would also expect the O-H infrared stretch to be 
shifted to lower wavenumber and broadened. I t  lies at 3572 
cm-' compared to 3633 cm ' for unsolvated 1 .28 The geometry 
of the bridging region is illustrated in Fig. 3(a). 

1*2C,H,Me.-A two-fold tetragonally distorted superdia- 
mondoid network is observed. Molecules of 1 lie around 
crystallographic 32rn positions and the methyl groups of the 
toluene molecules are disordered. However, the disorder does 
not influence the interpretation or accuracy of the structure 
since the ring carbon atoms are unaffected. The architecture is 
similar to that of l*2C6H6 but the OH moieties are laterally 
slipped with respect to  the c6 ring. The interaction between the 
p3-OH ligands and the toluene molecules is therefore 
unsymmetrical [Fig. 3(6)], the diamondoid architecture is 
distorted, and the lattice symmetry is reduced from cubic to 
tetragonal. The OCH] C(toluene) distances are 3.592(6) and 
3.667(6) A, close to the geometry and distancesseen for a recently 
characterized unsymmetrical OH arene intramolecular x- 
hydrogen bond between a silanol and a phenyl group 
{[O]H 0 .  C distances were 2.37(6), 2.65(6) and 2.61(6) A )  ." 
The intercube separation is 10.10 A. 

1*2C6H4Me2- 1,4 and l*2MeC6H,F-4.-The crystal struc- 
tures are essentially isostructural to that of 1*2C6H,Me 
(including disorder of p-fluorotoluene) with enhanced tetrago- 
nal distortions, presumably to accommodate the larger volume 
requirements of p-xylene and p-fluorotoluene us. toluene. The 
intercube separations are 10.35 and 10.13 A, respectively. The 
O[H] C(arene) distances are relatively long [3.651(6) and 
3.750(5) A for 1*2C,H,Me2-1,4; 3.585(11) and 3.679( 1 1 )  A for 
1 -2MeC6H,F-4]. The fluorine atom of p-fluorotoluene does 
not act as a hydrogen bond acceptor for the p3-OH moieties 
even though C-H F interactions have recently been shown 
to be controlling factors in crystal  structure^.^^ An adamantoid 
portion of one of the independent networks in t-2MeC6H,F-4 
is illustrated in Fig. 5 and is similar to that of 1*2C,H,Me and 
1 *2C,H4Me2- 1,4. 

l~2C,,H8.-Once again, the OH arene interaction is 
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Fig. 6 Perspective view of an adamantoid portion of one of the two 
superdiamondoid networks that exist in Ie2tmen. Carbonyl ligands, 
methyl groups and hydrogen atoms have been omitted for clarity 

Fig. 5 Perspective view of an adamantoid portion of one of the two 
superdiamondoid networks that exist in 1-2C6H,Me,-I ,4. Carbonyl 
ligands, methyl groups and hydrogen atoms have been omitted for 
clarity 

around crystallographic inversion centres such that there are 
two orientations. One orientation and how it bridges the p,-OH 

laterally slipped but now it is directed towards two different c, moieties on adjacent molecules of 1 is illustrated in Fig. 3u).  
arene rings. Furthermore, the naphthalene molecules are 
slightly twisted, resulting in molecules of 1 possessing 3 rather 
than 32m site symmetry. The O[H] C(naphtha1ene) 
distances vary between 3.449(7) and 3.743(7) 8, and theintercube 
separation is 10.40 8,. An ORTEP ,‘view of the bridging region 
is illustrated in Fig. 3(c). 

1-2CloH,Me-l .-One would expect the symmetry of the 
network to be reduced even further by the presence of the 
methyl group, perhaps to the extent of generating bulk polarity. 
The superdiamondoid network remains two-fold but one half 
of the I-methyinapthalene molecules in each unit cell are 
disordered around crystallographic inversion centres, thereby 
precluding bulk polarity. The network possesses much lower 
crystallographic symmetry than that of the other arene 
cocrystals and adopts a hexagonal space group. The Td 
symmetry of 1 is reduced to just three-fold symmetry in six of 
the twenty-four molecules in the unit cell and the remainder 
have no crystallographic symmetry. The O[H] 9 C(C,,H,Me) 
distances vary upward from 3.368(9) 8, with intercube 
separations ranging from 10.26 to 10.53 A. The bridging region 
of the ordered 1-methylnaphthalene is illustrated in Fig. 3 (4 .  

l*2tmen.-A two-fold tetragonally elongated superdiamon- 
doid structure occurs. An adamantoid portion of one network 
is illustrated in Fig. 6. Molecules of 1 lie around 
crystallographic two-fold axes. The two independent 
O[H] N hydrogen-bond distances, 2.835(6) and 2.828(6) A, 
are statistically identical and within expected ranges.31 The 
space-group symmetry reveals that the structure can be 
described as a series of cross-linked helices similar to that seen 
for the disodium and dipotassium salts of adamantane- 1,3,5,7’ 
tetracarboxylic acid.4‘ The intercube separation is 11.35 8,. The 
geometry in the bridging region is illustrated in Fig. 3(e). It 
reveals how the tmen spacer molecule orients itself to bridge p3- 
OH moieties on adjacent molecules of 1. 

1 *2dppoe.-The structure consists of two tetragonally 
distorted superdiamondoid networks formed from strong 
OH O=P hydrogen bonds. Molecules of 1 lie 13.53 8, apart 
around crystallographic 4 positions so all four OH OPPh,- 
CH,CH,PPh,O interactions are identical. The O[H] 0 
distances of 2.639(8) 8, compare with the 2.563(8) A observed in 
1-40PPh3.’ One disordered molecule of acetonitrile is present 
within the lattice and the dppoe molecules are disordered 

2~2dab.-Molecules of compound 2 lie 1 1.79 8, apart around 
crystallographic 3 positions whereas the bridging dab molecules 
lie around inversion centres. The tertiary structure consists of 
two independent diamondoid networks which are tetragonally 
contracted. The O[H] N separations of only 2.608( 18) 8, are 
indicative of strong hydrogen bonds and the intramolecular 
distances within 2 are almost identical to those of 1.  An 
interesting feature of the structure concerns the observation 
that enough lattice space exists to accommodate four 
acetonitrile molecules per molecule of 2, i.e. dab is too small to 
sustain a three-fold network and too large to sustain a close- 
packed two-fold network. Fig. 7 presents a view of the complete 
structure looking at the ab plane. The microchannels containing 
the acetonitrile molecules are parallel to the c axis. The 
geometry of the bridging region is presented in Fig. 3(g). 

1-2en.-This species crystallizes in a cubic space group, I33d. 
Three independent networks interweave one another. Molecules 
of 1 lie around crystallographic 3 positions whereas en molecules 
lie around two-fold axes. The molecules of 1 are 1 1.59 8, apart, 
which compares with the 1 1.35 A seen for the tmen analogue. The 
O[H] N separations of 2.774(8) 8, are consistent with what 
would be expected for N - H - * . O  hydrogen bonds. The 
geometry of the bridging region is illustrated in Fig. 3(h). 

1=2cpyz.-The structure of species 1.2cpyz can be regarded as 
being isostructural with 1-2en having a slightly larger cell 
volume (6.2%) and intercube separations (1 1.82 8,). This is 
perhaps unsurprising given the similarities between the 
geometries of the two spacer molecules in the critical bridging 
region. 2-Chloropyrazine was chosen because it does not 
inherently contain a centre of inversion or a two-fold axis and 
the resulting network could reasonably have been expected to 
be polar. Unresolvable crystallographic disorder generates two- 
fold symmetry but no crystallographic centre of inversion. An 
adamantoid portion of one of the networks is illustrated in Fig. 
8. The slightly longer No N separation in 1-2en us. 1-2cpyz is 
compensated for by longer hydrogen-bond lengths in the latter, 
which are extremely long (OCH] N 3.218( 15) A}. The long 
hydrogen-bond lengths might reasonably be a manifestation of 
the weak basicity of cpyz compared to en and, indeed, all the 
other spacers except for the arenes. 

1 -2bipy.-4,4’-Bipyridine represents a much longer spacer 
molecule than those detailed above. This is manifested in a 
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Fig. 7 Overhead view of the ah plane in 2.2dab. The solvent molecules. omitted for clarity, lie in the channels formed parallel to the crystallographic 
c axis because the interweaved diamondoid networks cannot occupy all the space in the crystal 

longer intercube separation, 15.22 A. Once again compound 1 
retains crystallographic 3 symmetry, meaning all four 
OCH] N separations are identical [2.744(9) A], and the bipy 
molecules lie around two-fold axes. The tertiary structure 
consists of four tetragonally elongated diamondoid networks 
arranged around a four-fold crystallographic axis (Fig. 9). This 
axis, which is parallel to the c axis, represents a microchannel 
running throughout the length of the crystal. The microchannel 
is large enough to contain two sites which are occupied by aceto- 
nitrile molecules. The latter appear to be dynamically disordered 
since the ‘ H  N M R  spectrum of a solid sample obtained without 
magic angle spinning displays two singlets at 6 4.39 and 3.53. A 
view of the bridging region is illustrated in Fig. 3(i). 

2*2bipy.-- The crystal structure of this species is isomorphous 
with that of 1-2bipy. including the inclusion of two acetonitrile 
solvent molecules, and there is virtually no change in any of the 
important parameters. For example, the cell volume increases 
by on1 0.1 % and the intercube separation goes from 15.22 to 
15.24 i. This appears to be the case because the slightly larger 
volume of 2 us. 1 is compensated for by shorter hydrogen bonds, 
O[H] N being only 2.51(4) A. 

l*2bipip.-The structure is closely related to those of 1-2bipy 
and 202bipy with four tetragonally elongated interweaved 
networks arranged around crystallographic four-fold axes and 
two independent acetonitrile molecules per molecule of 1 lying 
disordered on these axes, which are parallel to the c axis. The 
intercube separation, 15.35 A, is slightly longer than those seen 
for the bi y-bridged networks and the OCH] N separation is 
2.690(7) 1. A representative view of an adamantoid portion of 
one of the independent networks is in Fig. 10 and the bridging 
region is illustrated in Fig. 30’). 

Compurison of ‘Cube’ Geometries.-The geometries of 
compounds 1 and 2 appear to be unaffected by their 
environment. Table 1 summarizes their important geometric 
features and reveals that the Mn-CO and Mn-0 distances are 
within expected ranges.32 The larger radius of Re us. Mn 
manifests itself with slightly longer Re-CO distances and 
significantly longer Re-0 distances. 

Conzpurison of’ Crystal Arclzitectures--Table 2 summarizes 
the salient features of the fourteen new cocrystals. It should be 
apparent that a diverse range of superdiamondoid networks is 
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Fig. 8 Perspective view of an adamantoid portion of one of the three 
superdiamondoid networks that exist in la2cpyz. Carbonyl ligands, 
methyl groups and hydrogen atoms have been omitted for clarity. The 
Zcpyz do not appear planar because of unresolvable crystallographic 
disorder 

Fig. 9 Overhead view of the irb plane in species 1-2bipy. Disordered 
MeCN solvent molecules, omitted for clarity, lie in channels around 
crystallographic four-fold axes parallel to the crystallographic c axis 

readily accessible uiu modular self-assembly of T, molecules 1 or 
2 and a variety of difunctional hydrogen-bond acceptor spacer 
molecules. It is remarkable that all but two of the fourteen 
crystal structures reported herein retain the S,  axis of 1 and 2 
in a crystallographic sense. Indeed, the crystal structures of 
the cocrystals described are predictable and logical given the 
geometric nature of 1 and 2 and the spacer molecules. 
Specifically, because the hydrogen-bond donor (i.e. p3-OH) and 
acceptor (i.e. basic nitrogen or oxygen atom, arene ring) 
moieties form relatively strong hydrogen bonds, are geometri- 
cally constrained and limited in number, the observed 
structures are the only ones that can utilize all the available 
good proton donors and the acceptors even if the latter are 
weak. The diamondoid networks therefore follow the simple 
rules that have been empirically derived for crystal packing of 
organic molecules. I f  Whereas the spacer molecules are 
chemically diverse, they all have one key feature in common: a 
capability to act as a difunctional hydrogen-bond acceptor in 
which the vectors of the acceptor moieties are antiparallel. 
Spacers can therefore be either linear or zigzag and chemically 
different pairs of spacers such as en/cpyz and dab/dppoe afford 
essentially identical networks because their geometric features, 
specifically how the lone pairs are disposed, are so similar. The 

a 

Fig. 10 Perspective view of an adamantoid portion of one of the four 
superdiamondoid networks that exist in l.2bipip. Carbonyl ligands and 
hydrogen atoms have been omitted and the bipip ligands are 
represented by solid lines for clarity 

orientation of the hydrogen-bond-acceptor moieties within the 
spacer molecules is a necessary prerequisite for formation of the 
diamondoid architecture. For example, angular difunctional 
spacer molecules also cocrystallize with and exploit the Td 
symmetry of 1 and 2, however, two-dimensional ‘chicken-wire’ 
or carpet-like structures are obtained.33 The limited number of 
acceptor moieties on the spacer molecules means that, except 
for en, there is no possibility for secondary or competing 
networking since there are no other competing proton donors 
or acceptors present. As might be expected, the volume of the 
spacer molecule is also relevant. This is best illustrated by 102en 
and l02tmen. Although the bridge geometries and therefore the 
intercube separations are similar, the degree of interpenetration 
decreases as the size of the ancillary groups increases. 

There are several aspects of this study which bear broader 
relevance. 

Design of diamondoid networks. In addition to the non- 
covalent examples of diamondoid networks mentioned in the 
Introduction there are a number of compounds which are 
known to consist of interpenetrating covalent diamondoid 
networks. The most notable of these are perhaps Cd(CN)2,34 
polychaicogenides 35 such as [Pd(Se,), J 2 -  and [Pd(Se,),12 -, 
Cd(SPh), 36 and cationic Cu’-based  framework^.^' The first 
two systems are two-fold and Cd(CN), exhibits a diverse range 
of structures depending upon the crystallization conditions, 
including the ability to form a one-fold network with 
enclathrated guests such as CC14,38 CHCI, 34 and water- 
c y c l ~ h e x a n o l . ~ ~  I t  is therefore not a prerequisite that the 
tetrahedral component has to utilize directed non-covalent 
interactions. Design criteria will hold for either non-covalent 
networks or for their covalent analogues. It should be noted 
that a recent study considered the potential for generating hard 
materials based upon interpenetrating covalent diamondoid 
 network^.^' The results reported herein can therefore be 
expected to be relevant in the context of the design and crystal 
engineering of both covalent and non-covalent networks, the 
key observation being that the modular approach is inherently 
facile and versatile, i.e. any tetrahedral component can in 
principle be exploited with a complementary spacer molecule. 
Furthermore, judicious choice of these modular components 
leads to, at least in some cases, a predictable crystal structure or 
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Table 1 Superdiamondoid networks based upon [{M(C0)3(p3-OH)J4] (M = Mn or Re) and difunctional spacer molecules 

M 
Mn 
Mn a 

Re 
Mn 
Mn 
Mn 
Mn 
Mn 
Mn 
Mn 
Re 
Mn 
Mn 
Mn 
Re 
Mn 

Intercube 
distance/A 
9.74 
9.77 
9.82 

10.10 
10.35 
10.13 
10.40 
10.26 10.53 
11.35 
13.53 
11.79 
11.59 
11.82 
15.22 
15.24 
15.35 

Crystal system 
Cubic 
Cubic 
Cubic 
Tet ragonal 
Tetragonal 
Tetragonal 
Tetragonal 
Hexagonal 
Tetragonal 
Tet ragonal 
Tetragonal 
Cubic 
Cubic 
Tetragonal 
Tet ragonal 
Tetragonal 

a A mixture of [Mn4(C0)12F,(OH)4-,], see ref. 1 ] ( a ) .  See ref. 1 l(b). 

Site 
symmetry 
43m 
43m 
43m 
42m 
42m 
;12m 
4 
3, 1 
2 
4 
4 
4 
a 
4 
4 
4 

Solvent 
n-Fold molecules 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 4MeCN 
3 
3 
4 2MeCN 
4 2MeCN 
4 2MeCN 

MeCN 

Cen trosymmetric 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
No 
No 
Yes 
Yes 
Yes 

Table 2 Comparison of geometries of compounds 1 and 2 

Adduct 

1.2C6H,Me 

1.2MeC6H4F-4 

1 -2C ,H,Me-1 
1 -2tmen 
1 -2dppoe 
2.2dab 
1 -2en 
1 -2cpy.z 
1 -2bipy 
2.2bipy 
I-2bipip 

I*2C6H6 

1.2C6H4MeZ-I ,4 

1 -2C ,H8 

M-C/A 
1.815(4) 
1.814(1) 
1.800 
1.809( 7) 
1.803( 10) 
1.791( 13) 
1.798(9) 
1.767(24) 
1.862(54) 
1.784(9) 
1.782( 11) 
1.782(8) 
1.84(9) 
1.788(8) 

c=o/A 
1. I29(:) 
1.134(0) 
1.144(1) 
1.146(2) 
1.148( 5 )  
1 . I  50( 7) 
1.138(4) 
1. I65(20) 
1. I8(5) 
1.153(7) 
1.163(9) 
1.158(9) 
1.21(3) 
1.152(3) 

M-OlA 
2.052(3) 
2.052( 1) 
2.058(4) 
2.048(3) 
2.058( 1 )  
2.055(9) 
2.042( 13) 
2.036(7) 
2.184(3) 
2.033(9) 
2.048( 5) 
2.036(6) 
2.19(4) 
2.039(6) 

M-O-M/O 
102.37( 18) 
102. I 7( 5) 
102.13( 12) 
102.58(6) 
102.1 3(9) 
102.21 (42) 
101.68(88) 
101.74(20) 
103.3(14) 
101.95(20) 
101.79(111) 
101.98(41) 
102.6(4) 
101.39(80) 

&M-O/” 
76.07( 14) 
76.3 1(3) 
76.36( 8) 
75.77(5) 
76.38(6) 
76.26(25) 
76.94( 60) 
76.87( 12) 
7 5 .O( 9) 
76.60( 13) 
76.79(7 I ) 
76.57( 25) 
75.7(3) 
77.29(54) 

even space group (as is the case for 1*2C,H,). In the context of 
non-covalent networks it should be noted that a recent study by 
Ermer focused upon the complementary nature of hydroxy and 
amino groups. Their propensity to form 1 : 1 complexes can 
realize superdiamondoid architectures if appropriate dialcohols 
and diamines are cocry~tall ized.~~ 

Inclusion dzemistry. Five of the fourteen new structures 
described herein contain acetonitrile molecules that reside in 
microchannels running parallel to the crystallographic c axis in 
tetragonal space groups. Microchannels are a feature often 
associated with zeolites and related inorganic solids.42 Zeolitic 
channels, although capable of including hydrocarbon mol- 
ecules, are typically hydrophilic whereas the microchannels 
encountered in this study are hydrophobic, the acetonitrile 
solvent molecules being surrounded by the hydrocarbon 
portion of the spacer molecules. In three instances the 
acetonitrile molecules were observed to be disordered, possibly 
dynamically. We have not yet investigated in detail the 
influence of the solvent on cocrystal formation and whether or 
not the cocrystals are capable of selectively enclathrating from 
solvent mixtures. However, given that solvent choice can be a 
critical factor in whether or not superdiamondoid networks can 
even be crystallized 4u this is an aspect of the chemistry which we 
plan to pursue. 

Crystul polarity. The diamondoid architecture is more than 
aesthetically pleasing. A feature of tetrahedral molecules is that 
they do not possess an inversion centre. Hence, given that 
crystal packing can often be regarded as a manifestation of 
molecular self-assembly, one could reasonably assume that 

crystals based upon tetrahedral architecture are predisposed to 
crystallize in polar space groups since self-assembly can be 
controlled in three dimensions. Unfortunately, only three of the 
compounds studied herein adopt polar space groups, a 
consequence of the ability of the spacer molecule to sit or 
disorder around a crystallographic inversion centre. Neverthe- 
less, rational design of polar crystals remains an important 
consideration in crystal engineering since piezoelectric, 
ferroelectric and second-order non-linear optical effects are 
exhibited by polar crystals.43 Furthermore, one of the more 
important non-linear optic and ferroelectric materials is 
KH2P04, a compound which has a tertiary crystal structure 
that is not based exclusively upon ionic packing. The tertiary 
crystal structure is the consequence of self-assembly of H2P04-  
anions into a diamondoid network. Potassium cations interact 
with oxygen atoms in such a manner that what can be regarded 
as a second diamondoid framework exists.44 

In summary, the nature of diamondoid networks formed 
between [{M(C0)3(p3-OH)}4] (M = Mn or Re) and difunc- 
tional hydrogen-bond-acceptor spacer molecules is profoundly 
and predictably influenced by the spacer. It is clear that suitable 
difunctional hydrogen-bond acceptors, even arenes, can sustain 
three-dimensional diamondoid networks which can have 
physical features similar to zeolites even though their chemical 
nature is markedly different. Generation of networks with low 
degrees of interpenetration appears to be an attainable4 and 
desirable goal, especially one-fold networks that could in 
principle have up to 50% of their volume as space for 
enclathration of guest molecules. 

http://dx.doi.org/10.1039/DT9950002233
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Experimental 
Synthetic Procedures.- 1 ,ZDiaminoethane, 4,4'-bipyridyl, 

1,2-diaminobenzene, N,N,N',N'-tetramethylethane- I ,2-di- 
amine, 4,4'-bipiperidine and 2-chloropyrazine and all solvents 
including toluene and p-xylene (Aldrich) and [Mn2(CO)1 0 ]  and 
[Re2(C0),,] (Strem Chemical Co.) were used as received. All 
solvents were distilled over calcium hydride and stored over 
molecular sieves prior to use. The compound [{ Re(CO),(p,- 
OH)),] 2 was prepared as described in the literature l o  and 
[{Mn(CO),(p,-OH)),] 1 was prepared as described by Clerk 
and Zaworotko.*' 

Infrared spectra were recorded on a Perkin-Elmer FT 1600 
series instrument. The solid-state 'H NMR spectrum of 
1-2bipy-2MeCN was recorded on a Nicolet 360-NB instrument 
at the Atlantic Regional Magnetic Resonance Centre, Halifax, 
Nova Scotia, Canada and microanalysis results were obtained 
from Canadian Microanalytical Services Ltd., Delta, B.C., 
Canada. 

Crystals of the superdiamondoid networks were grown as 
follows. 
[{Mn(CO),(p3-OH)},]-2C6HsMe, 1*2C6H,Me. Crude pro- 

duct (10.0 g) from the reaction of [Mn,(CO),,] (12.4 g, 31.9 
mmol) and Me,NO=2H,09' (21.3 g, 191 mmol) was digested in 
boiling toluene and filtered while hot to remove insoluble 
material (e.g. Me3NO.2H,O, trimethylammonium carbonate). 
The resulting dark orange solution was cooled at 5 "C to form 
large crystals of 1*2C6H5Me (9.54 g, 11.8 mmol, 74% yield). A 
second crop (3.11 g, 3.85 mmol, 24%) was obtained after 
concentrating the mother-liquor. M.p., decomposes above 
100 "C. IR (KBr reflectance, cm '): vOH 3566; vco 2027, 1926; 
838, 753 and 684 (toluene) (Found: C, 38.65; H, 2.30. Calc. 

[(Mn(CO),(p3-OH)),]=2c6H6, 1-2C,H6. The compound 
1=2C,H,Me (0.50 g, 0.62 mmol) was dissolved in acetonitrile 
(20 cm3) at room temperature. Benzene (12 cm3) was added 
dropwise until precipitation occurred. The slurry was then 
heated to boiling (clear solution) and allowed to cool slowly, 
affording crystals of l-2C6H6, decomposes above 110 "C. IR 
(KBr reflectance, cm '): vOH 3573; vco 2028, 1938, 1887, 1871 
and 1852. 
[(Mn(CO),(p3-OH)),]~2C~H4Me2- I ,4, 1*2C,H,Me,- 1,4. 

The compound 1*2C6H,Me (0.25 g, 0.31 mmol) was dissolved 
in hot p-xylene (30 cm3) and allowed to cool to room 
temperature. Yellow microcrystals of the product were formed 
(0.14 g, 0.17 mmol, 55% yield), decomposes above 140 "C. IR 
(KBr reflectance, cm '): vOH 3566; vco 2029,1937; 841,814 and 
684 @-xylene). These crystals were too small for X-ray 
crystallography. Suitable single crystals were obtained from a 
solution containing butyric acid, a crystallization aid used in an 
earlier study of diamondoid networks.6" 

[ { Mn(CO),(p3-OH)),]-2MeC,H,F-4, 1.2MeC,H4F-4. A 
supersaturated solution was prepared by adding the compound 
1*2C6H,Me (0.40 g, 0.50 mmol) to hot p-fluorotoluene (20 
cm3). The solution was filtered and allowed to cool slowly to 
room temperature affording crystals of 1 0 2 M e c ~ H ~ F - 4 ,  de- 
composes above 120°C. IR (KBr reflectance, CM-'): votI 
3578; vco 2032,193 1 and 1892. 
[{Mn(CO),(p3-OH)),]~2CloH8, 1*2CloH,. A saturated 

room-temperature solution (20 cm3) of naphthalene in 
methylcyclohexane~hloroform (2 : 1 ) was prepared. The 
compound 1-2C6H,Me was added (0.50 g, 0.62 mmol). The 
solution was heated to boiling and acetonitrile (4 cm3) was 
added completely to dissolve the l*2C6H5Me. The solution was 
cooled slowly to room temperature to afford crystals of 
l*2CloH8, decomposes above I15 "C. IR (KBr reflectance, 
cm I): vOH 3572; vco 2028, 1938, 1906 and 1886. 

[ [Mn(CO),( p3-OH)),]*2C ,H,Me- I ,  1-2C ,H, Me- 1 .  The 
compound 1*2C,H,Me (0.60 g, 0.74 mmol) was added to 1 -  
methylnaphthalene ( 1  5 cm3). The solution was heated until 
clear, filtered whilst hot and allowed to cool slowly to room 
temperature, affording crystals of the desired product, de- 

for C,6H20Mn,O16: c ,  38.40; H, 2.50%). 

composes above 110°C. IR (KBr reflectance, cm-I): vOH 
3556; vco 2029, 1938 and 1887. 
[(Mn(CO),(p3-OH)),]*2tmen, l-2tmen. The compound 

1-2C6H5Me (0.50 g, 0.62 mmol) was dissolved in MeCN ( 5  cm3) 
and to this clear solution was added N,N,N',N'-  
tetramethylethane-l,2-diamine (0.143 g, 1.24 mmol) in MeCN 
( 5  cm3). The resulting solution was allowed to stand at room 
temperature and deposited well developed crystals of 1-2tmen 
(0.30 g, 0.35 mmol, 56% yield), gradually decomposes above 
160 "C. IR (KBr reflectance, cm l ) :  vOHSNH 3122 (br with 
shoulders); vCH 2964,2853,2788; vco 2102,2010 and 1912. 

[{Mn(CO),(p3-OH)),]-2dppoe.MeCN, 1-2dppoeeMeCN. 
I ,2-bis(diphenylphosphoryl)ethane (0.53 g, 1.2 mmol) was 
dissolved in boiling MeCN (15-20 cm3) to which a solution of 
1*2C6H5Me (0.50 g, 0.62 mmol) dissolved in MeCN (5 cm3) was 
added. The mixture formed fine pale yellow crystals of the 
adduct upon standing (0.87 g, 0.57 mmol, 92% yield). The 
product was recrystallized from boiling MeCN (3540 cm3) to 
afford large single crystals suitable for X-ray diffraction, 
decomposes above 135 "C. IR (KBr reflectance, cm '): vOH 
3196; vco 2015 and 1910. 
[{Re(CO),(p3-OH)),]~2dab.4MeCN,2~2dab-4MeCN.Com- 

pound 2 (0.057 g, 0.049 mmol) was dissolved in MeCN (3 cm3) 
and a solution of 1,4-diaminobenzene (0.01 1 g, 0.10 mmol) in 
MeCN (3 cm3) was added. The microcrystalline precipitate 
(0.073 g, 0.048 mmol, 98% yield) that formed immediately was 
filtered off, dried, redissolved in boiling MeCN (20 cm3) and 
allowed to cool slowly. Large crystals of 202dabe4MeCN (0.060 
g, 0.040 mmol, 80% yield) were formed. The colour changed 
slowly from colourless to brown above 230°C and to black 
above 260 "C. Did not melt up to 300 "C. IR (KBr reflectance, 
cm I):  vOH 33 18; vCH 3276, 3 160; vNH 2864; vc0 2021, 1905 and 
1870. 

[{Mn(CO),(p3-OH)),]-2en, 102en. The compound l-2C,H5- 
Me (0.50 g. 0.62 mmol) was dissolved in dry freshly 
distilled toluene (30 cm3) and gently warmed. This solution was 
stirred and en (0.074 g, 1.2 mmol) was added dropwise. A 
yellow precipitate formed instantaneously and the toluene 
solution became colourless. The reaction mixture was cooled in 
an ice-bath and filtered. The resulting yellow product (0.36 g, 
0.50 mmol, 80% yield) was recrystallized from hot MeCN (30 
cm3) to afford yellow-brown crystals. A second batch was 
obtained by cooling the mother-liquor at 5°C. IR (KBr 
reflectance, cm '): vOH,NH 3375; vco 201 1 and 1916 (Found: C, 
25.85; H, 2.70; N, 7.55. Calc. for C,,H,,Mn,N,O,,: C, 26.10; 
H, 2.70; N ,  7.25%). 

[{Mn(C0)3(p3-OH)),]-2cpyz, 1 . 2 ~ ~ ~ 2 .  The compound 1.2- 
C,H,Me (0.50 g, 0.62 mmol) and 2-chloropyrazine (0.142 g, 
1.24 mmol) were each dissolved in MeCN (5 cm3) and then 
mixed. The resulting solution was diluted with chloroform (10 
cm')), layered with hexanes and cooled in a freezer at - 15 "C 
for several days. Dark yellow crystals of l.2cpyz (0.32 g, 0.37 
mmol, 60% yield) were obtained, decomposes above 135 "C. IR 
(KBr reflectance, cm-'): voH 3593; vco 2026 and 1929. 

[ (Mn(CO),(p,-OH)~ ,].2bipy2MeCN, 1-2bipy-2MeCN. The 
compound 1-2C,HSMe (0.50 g, 0.62 mmol) was dissolved in dry 
freshly distilled toluene (30 cm3) and MeCN (25 cm3) by gentle 
warming. A clear solution of 4,4'-bipyridyl(0.190 g, 1.23 mmol) 
in MeCN (25 cm3) was added dropwise and a yellow solid (0.40 
g, 0.39 mmol, 63%) precipitated immediately. It was dissolved 
in MeCN and stored at 5 "C for 7 d, at which point single 
crystals (0.38 g, 0.37 mmol) of 1.2bipy-2MeCN were afforded, 
decomposes above 130 "C. 1R (KBr reflectance, cm I ) :  vOH.NH 

3375; vCH 2941; vco 2018 and 1909. 
[(Re(CO),(p3-OH)),]*2bipy.2MeCN, 2-2bipy-2MeCN. 

Coinpound 2 (0.0768 g, 0.0668 mmol) was dissolved in MeCN 
( 1  cm3) and a solution of 4,4'-bipyridyl(0.0107 g, 0.0685 mmol) 
in MeCN ( 1  cm3) was added. A white crystalline powder (0.087 
g, 0.056 mmol, 61% yield) formed immediately, was filtered off 
and dried. I t  was dissolved in boiling MeCN ( 5  cm3) and 
allowed to stand at room temperature for crystallization. 

http://dx.doi.org/10.1039/DT9950002233
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Crystals (0.07 g) were obtained after 7 d. They changed slowly 
from white to brown above 180 "C and to dark above 280 "C, 
m.p. > 300 "C. IR (KBr reflectance, cm-I): vOH 3350; vCH 3276, 
3160; vco 2024, 1905 and 1880. 
[(Mn(C0)3(p3-0H))4]*2bipip2MeCN, 1.2bipip.2MeCN. 

The compound 1*2C6HsMe (0.25 g, 0.31 mmol) and 4,4'- 
bipiperidine (0.104 g, 0.618 mmol) were each dissolved in 
MeCN (30 cm3). The two solutions were mixed and a bright 
yellow precipitate (0.24 g, 0.22 mmol, 70%) formed 
immediately. It was redissolved in hot MeCN (50 cm3) and 
cooled to room temperature. Yellow single crystals formed 
upon standing. A second crop was obtained by cooling the 
initial filtrate to 5 "C, decomposes above 130 "C. IR (KBr 
reflectance, cm-I): vOH,NH 3415; vCH 291 1; vco 2020 and 191 1. 

X-Ray Crystaff~graphy.-Single crystals were mounted in 
thin-walled glass capillaries and placed on an Enraf-Nonius 
CAD-4 diffractometer. Unit-cell dimensions were determined 
via least-squares refinement of the setting angles of 24 high- 
angle reflections and intensity data were collected using the w 
28 scan mode. Data were corrected for Lorentz, polarization 
and absorption (where directed by crystal shape or absorption 
coefficient) effects but not for extinction. In several compounds, 
poor scattering, which we attribute to disorder and/or high 
thermal motion in solvent or spacer molecules, precluded 
collection of data to a 28 limit of 50". However, this in no way 
prejudices our assignment of space group or interpretation of 
the crystal packing. 

1*2C6H,Me. Pertinent data collection and structure 
refinement parameters are presented in Table 3. The structure 
was solved using direct methods and all non-hydrogen atoms 
were refined with anisotropic thermal parzmeters. Compound 1 
was found to lie around crystallographic 42m positions whereas 
the toluene spacer molecules lay around 2/m positions. The 
toluene methyl groups are therefore disordered between two 
sites and were refined with an occupancy factor of 0.50. 
Hydrogen atoms were located via Fourier-difference map 
inspection (OH, CH) or calculated (CH: sp2, D, = 1 .OO A; sp3, 
Dc-H = 1.08 A), given isotropic thermal parameters based upon 
the atom to which they are bonded, and fixed during least- 
squares refinement. Weights based upon counting statistics 
were used with the weight modifier, k ,  in kFo2 being determined 
viu evaluation of the variation in standard reflections during the 
course of data collection. Values of R and R' were given by 

crystallographic calculations were effected using the PC version 
of the NRCVAX suite of programs4' and 80486-based IBM- 
compatible computers. Scattering factors were taken from ref. 
46. Crystallographic figures were drawn using ORTEP3' or 
PLUTO. 47 

l.2C6H6. As above except as follows. -Molecules of 
compound 1 lie around crystallograp_hic 43m positions; 
molecules of benzene are located around 3m positions; there is 
no disorder; all hydrogen atoms were located viu Fourier- 
difference map inspection and refined. 

1.2C6H,Me,-1,4. As before but no disorder of the methyl 
groups. 

1*2MeC,H4F-4. As before except the disorder is between the 
methyl group and the fluorine atom; the disordered carbon and 
fluorine atoms were refined as an oxygen atom with a site 
occupancy factor of g. 

1-2CloH,. As before except as_ follows: molecules of 
compound 1 are located around 4 positions; naphthalene 
molecules reside around T positions; there is no disorder. 

1*2CloH,Me-1. As before except as follows: two independent 
molecules of compound 1 are located around three-fold axes 
and general positions, respectively; there are four independent 
molecules of 1 -methylnaphthalene, tw_o located at general 
positions, one disordered around a 1 position, and one 
disordered around a 3 position; sp3 hydrogen atoms were 
calculated and fixed with Dc-H = 1.08 A. 

W F O I  - l ~ c l ) / ~ l ~ o l  and ccw (IKI - l ~ c l ~ 2 / ~ ~ ~ ~ ~ 0 2 ~ l  ;. All 

l-2tmen. As before except as follows: the only crystallographi- 
cally imposed symmetry arises from compound 1 lying around 
two-fold axes; CH, hydrogen atoms were placed in calculated 
positions (DC-" = 1.08 A); it was not possible to distinguish 
between the space group P4,22 and its enantiomorph P4,22 
despite collection and refinement of Friedel equivalent 
reflections (Rogers 48 q = 0.00). 

le2dppoe. As before except as follows: molecules of 
compound 1 are located around crystallographic a positions; 
the spacer molecules were disposed around inversion centres 
with the phenyl and ethylene moieties 50% disordered; a 
disordered MeCN molecule was located at a crystallographic 4 
position and refined with fixed isotropic thermal parameters 
and variable site occupancy factors. 

2-2dab. As for le2dppoe except as follows: the solvent and 
spacer molecules are ordered; the solvent molecule lies in a 
general position and there are therefore four molecules of 
MeCN per molecule of 2. 

1-2en. As for 1*2C6HsMe except as follows: molecules of 
compound 1 are located around 4 positions; spacer molecules 
are located around a two-fold axis; the OH hydrogen atom was 
refined. 

1.2cpyz. As for 1-2en except as follows: the spacer molecule 
was disordered; chlorine atoms were refined with a site 
occupancy factor of 0.50 whereas disorder within the pyrazine 
ring, manifested by high thermal motion and geometric 
inconsistencies, was not resolvable. 

1-2bipy. As for 1*2C6H,Me except as follows: the spacer 
molecules reside around 1 positions; molecules of compound 1 
are located around 4 positions; the independent OH hydrogen 
atom was refined with a fixed thermal parameter; two 
independent disordered MeCN solvent molecules were located 
on crystallographic four-fold axes. Molecule A lies on a four- 
fold axis whereas only the central atom of molecule B resides 
on a four-fold axis. The outer atoms of molecule B were refined 
as carbon atoms with fixed thermal parameters and gave a site 
occupancy factor of 0.47. Solvent hydrogen atoms were not 
accounted for during refinement. 

2-2bipy. As for l-2bipy except as follows: carbonyl carbon 
atoms were refined with isotropic thermal parameters only; 
quite large ( > 3 e A-3) peaks were observed near Re in the final 
Fourier-difference map, indicative of absorption effects; the 
disordered solvent atoms were refined anisotropically as carbon 
atoms. 

1-2bipip. As for 1-2bipy except as follows: bipip molecules sit 
around crystallographic inversion centres; the two independent 
MeCN solvent molecules lie on crystallographic two-fold axes 
and were refined isotropically . 

Additional material available from the Cambridge Crystallo- 
graphic Data Centre comprises all atomic coordinates, thermal 
parameters and remaining bond lengths and angles. 
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