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Crystal structures of tri(1-naphthy1)silanol with toluene (1:l) ( I ) ,  o-xylene (1:l) (2), m-xylene (1:l) (3) and 
p-xylene (12) (4) have been determined and compared. Crystal data are as follows. 1: PI, a = 9.465 (3) A, 6 
= 12.424 (2) A, c = 13.344 (4) A, a = 116.08 (2)", f i  = 91.67 (2)", y = 92.27 (2)'; Z = 2. 2: PI, a = 9.399 (5) A, 
b = 12.475 (6) A, c = 13.577 (5) A, a = 115.96 (4)', f i  = 90.37 (4)', y = 92.77 (2)'; Z = 2. 3: PI, a = 11.974 (3) 
A, b = 12.243 (2) A, c = 12.317 (2) A, a = 65.16 (l)', B = 72.50 (2)O, y = 61.85 (2)", Z = 2. 4: PI, a = 9.315 
(6) A, b = 12.462 (1) A, c = 15.901 (4) A, a = 82.51 (2)O, @ = 82.08 (4)O, y = 87.25 (ti)', 2 = 2. Possible hydrogen 
bonding between the hydroxyl group of the host and the aromatic T electrons of the guests was observed and 
confirmed by shifts in the infrared spectra of the compounds. Thermal analysis revealed the strength of binding 
of the guest species. The intermolecular nonbonded potential energies were calculated and a correlation observed 
between these and the enthalpy change of guest release for 2 and 3. Thermogravimetry was used to evaluate 
the activation energy of the guest release reaction in 

Clathrates and inclusion compounds have been exten- 
sively studied for their properties of storing or separating 
guest  compound^.^?^ Using these properties, a host com- 
pound may be used to separate isomers: tautomers? or 

Compounds with bulky substituents and 
one or more hydroxyl groups have proved to be versatile 
hosta with a number of guest molecules.* These inclusion 
compounds usually involve a network of hydrogen bonds. 

We have studied the hydroxy host tri(1-naphthy1)silanol 
and its inclusion behavior with guests which have hydro- 
gen-bonding abilities such as dimethyl sulfoxide, dioxane, 
and triethylamine. We have reported* the structure of the 
molecular inclusion complex of the related host tri- 
phenylsilanol with ethanol. 

We now present the results of a study of the enclath- 
ration behavior of trinaphthylsilanol with three isomers, 
o-xylene, m-xylene, and p-xylene, and with toluene. 

The thermal analysis of the molecular complexes are 
d i a d  aa well as the resulta of some preliminary energy 
studies. 

Results and Discussion 
Crystallography. Atomic coordinates of 1-4 are 

available as supplementary material. Bond lengths and 
angles fell within the range of literature values and are also 
available as supplementary material. The host confor- 
mation is similar in all four structures. The naphthyl rings 
of the host are always planar; the maximum deviation from 
their mean planes is 0.03 A. In each structure, the 
naphthyl rings are not quite perpendicular to each other, 

(1) Part 2: Bourne, S. A.; Nassimbeni, L. R.; Skobridis, K.; Weber, E. 
J .  Chem. Soc., Chem. Commun. 1991, 282. 

(2) Molecular Inclusion and Molecular Recognition-Clathratas I and 
11. In Topics in Current Chemistry; Weber, E., Ed.; Springer-Verlag: 
Berlin-Heidelberg, 1987, 1988; Vols. 140 and 149. 

(3) Inclwion Compounds; Atwood, J .  L., Davies, J. E. D., MacNicol, 
D. D., Eds.; Academic Press: London, 1984; Vols. 1-3. 

(4) Toda, F. In ref 2, Vol. 140, p 43. 
(5) Toda, F.; Tanaka, K.; Asao, T.; Ikegami, Y.; Tanaka, N.; Hamada, 
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m 
(H)  

b 6 h +  
1, H-toluene 
2, H-o-xylene 
3, H-m-xylene 
4,  H*2(p-xylene) 

with dihedral angles ranging from 70° to 83O. The Si atom 
of each host lies a t  the center of an irregular tetrahedron 
with bond angles around the Si falling within the range 
107.1-112.6°. The guest molecules in 1-4 are also essen- 
tially planar-the maximum deviation from the mean 
plane is 0.03 A, found in compound 2. 

Compounds 1 and 2 are similar. Guest molecules (either 
toluene or o-xylene) lie in hourglass-shaped channels 
parallel to [ 1001 which have constrictions of approximably 
1.5 A at  x = 0. Figure l a  shows the packing of these 
compounds, viewed down [ 1001. In this view the guest is 
seen edge-on. 

Compound 3 is structurally similar to 1 and 2 in that 
each host is associated with one m-xylene molecule. Guests 
lie in cavities which are connected by narrow channels 
(Figure lb). 

Compound 4 differs from the other three in that the host 
to guest ratio is 1:2. Within the crystal structure, guest 
molecules occupy three crystallographically different sites. 
The guest p-xylene molecules lie in criss-crossing channels 
which run parallel to [Ool] and parallel to [OlO]. These 
can be seen in Figure IC. 

There is evidence for hydrogen bonding between the 
hydroxyl group of the trinaphthylsilanol and the aromatic 
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a 

I 

b 

C 

Figure 1. Packing diagrams of (a) I ,  (b) 3, and (c) 4, all viewed 
down [loo]. Guest molecules are shaded. 

r electrons of the guest molecules. A similar form of hy- 
drogen bonding has recently been reportedS6 An X-ray 
diffraction study of the Na4[calix[4]arene sulfonate]. 
13.5H20 structure found a water molecule embedded in 
the cavity of four aromatic groups. The oxygen atom was 
3.16 and 3.19 A from the centroids of the nearest aromatic 
rings. Centroid--H-0 angles were 133’ and 127O. 

The centroid-0 distances for compounds 1 (and 2), 3, 
and 4 are 3.40, 3.66, and 3.28 A, respectively. (Only one 
of the three crystallographically independent guests in 4 
(guest A) is correctly positioned to participate in the a 
hydrogen bonding scheme.) The centroid-H separations 
are 2.58, 2.93, and 2.48 A, with centroid-H-0 angles of 
160°, 143O, and 148O, respectively. 

Further evidence that these compounds contain hydro- 
gen bonds was found on examining the infrared spectra 
of these and related compounds. The 0-H stretching band 
in the unsolvated host compound appears at 3670 cm-’. 
For compounds 1-4 this band was shifted to 3605,3610, 
3620, and 3590 cm-’, respectively. This shift is to be ex- 
pected if the 0-H group participates in a hydrogen bond. 
The shift is not aa large as that found in similar compounds 
where the guest contains an acceptor atom. For example, 
the tri(1-naphthy1)silanol complexes with DMSO and di- 
oxane have bands at 3520 and 3540 cm-’, respectively. We 
note that there is a correlation between the 0-H stretching 
frequency and the centroid-H-0 distance, which gives 
further credence to the presence of hydrogen bonding. 

(8)  Atwood, J. L.; Hamada, F.; Robinson, K. D.; Orr, G. W.; Vincent, 
R. L. Nature 1991,349, 683. 
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Thermal Analysis. The objective of carrying out 
thermal analysis of these compounds is to reconcile ther- 
modynamics with structure. Thus, it should, in principle, 
be possible to find a relation between the measured en- 
thalpies of the guest release reactions and the host-guest 
interactions which occur in the crystal structure. The 
potential energy environment of the guest molecules in the 
lattice made up of host molecules was evaluated using the 
method of atom-atom potentials. We used the program 
EEMP to evaluate the van der Waals energy using empirical 
atom pair potential curves. The coefficients of the atom- 
atom potential are of the form 

U(r)  = a exp((-br)/r”’ - c / r 6 )  

where r is the distance between any pair of atoms and the 
coefficients a, b, c, and d are those given by Giglio.lo These 
potential curves were derived primarily to give good 
agreement for calculation of molecular position in crystal 
structure. Minimization of energy was performed by the 
method of “steepest descent”. No account was taken of 
partial atomic charges or dipole interactions, and the en- 
ergy values derived are not absolute but can be used for 
comparing similar structures. 

The host and guest molecules were placed in their 
crystallographically determined positions. Symmetry-re- 
lated host molecules were generated so that the guest was 
completely surrounded. The positions of the hosts were 
held constant while the guest was allowed to find its 
minimum energy environment by incremental translations 
and rotations. The minimum potential energies thus ob- 
tained, U-, are given in Table 11. In compound 4 there 
are three crystallographically independent gueat molecules. 
The minimization for a given guest was carried out by 
surrounding it by an appropriate number of host and other 
guest molecules. For all compounds, the final position of 
the guest was found to be very close to that of the crys- 
tallographically determined position. 

The results of the thermal analysis are shown in the 
supplementary material. The first endotherm in the DSC 
curves (Figure lsa-d) indicate that the desorption of guest 
occurs in a single step, while the second endotherm cor- 
responds to the melting point of the host compound. 

Another parameter of thermal stability is the tempera- 
ture characterizing the start of the endothermic guest- 
release reaction, Ton. For inclusion compounds comprising 
a host with different guests, the onset temperatures are 
a function of both the host-guest nonbonding interactions 
and the intrinsic physical properties of the guest itself. In 
particular, the normal boiling point Tb of the guest com- 
pound is important and we may use T,,n-Tb as a measure 
of the relative stabilities of the inclusion compounds. 
These are listed in Table 11. 

The thermal gravimetry experiments were carried out 
at various heating rates in order to study the activation 
energy of the reaction.” In this method the temperatures 
of decomposition at  a fixed percentage weight loss are 
measured at  the various heating rates. A plot of the log- 
arithm of the heating rate (8) versus the reciprocal of the 
absolute temperature is examined. If parallel straight lines 
are obtained a single step decomposition reaction is in- 
dicated, and the slope of the lines is directly related to the 
activation energy of the desorption reaction. This method, 
originally developed for the thermal decomposition of 
polymers, has also been applied to the decomposition of 

(9) Motherwell, W. D. S. EENY: Potential Energy Program; Cam- 
~~ ~ 

bridge University, unpublished. 
(10) Giglio, E. Nature 1969,222, 339. 
(11) Flynn, J. H.; Wall, L. A. Polymer Lett .  1966, 4, 323. 
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Table I. Crystal Data and Experimental and Refinement Parameters for the Structure Analysis 
1 2 3 a 

CmHZ20SiC8Hl0 Ca220SiC8HI0 C&i220Si.2(CBH10) 
532.8 532.8 638.9 

(a 

molecular formula 
formula weight, g mol-' 
space group 
a, A 
b, A 
c, A 
a, deg 
8, dee 
Y, deg 
V, A3 
2. 
D,, g cmd 
D,, g cm-3 
range scanned, max 0 
no. of reflns collected 
reflns with I,,, > 2 ~ 1 , ~ ~  
absorption coefficient, Mo K,, cm-' 
data to parameter ratio 
R 
R w  
g (w = ( U T  + gP)-') 
max height in emap (e A-3) 
min height in emap (e A 9  

CmHZ20SiC7H8 
518.7 
pi 
9.465 (3) 
12.424 (2) 
13.344 (4) 
116.08 (2) 
91.67 (2) 
92.77 (2) 
1405.56 
2 
1.23 
1.21 
23 
4113 
2958 
1.06 
8.0 
0.0591 
0.0690 
0.002 
0.83 
-0.22 

Compound 1 

-loo bet8 

pi 
9.399 (5) 
12.475 (6) 
13.577 (5) 
115.96 (4) 
90.37 (4) 
92.71 (4) 
1429.05 
2 
1.24 
1.23 
25 
5252 
2735 
0.75 
7.0 
0.0804 
0.0769 
0.005 
0.30 
-0.44 

Pi 
11.974 (3) 
12.243 (2) 
12.317 (2) 
65.16 (1) 
72.50 (2) 
61.85 (2) 
1432.74 
2 
1.24 
1.22 
25 
5305 
4086 
1.06 
10.4 
0.0381 
0.0443 
0.001 
0.20 
-0.25 

Pi 
9.315 (6) 
12.462 (1) 
15.901 (4) 
82.51 (2) 
82.08 (4) 
87.25 (5) 
1811.91 
2 
1.17 
1.15 
25 
6455 
3856 
0.94 
8.1 
0.0480 
0.0572 
0.005 
0.30 
-0.20 

Compound 3 

(d) Compound 2 Compound 4 

-log be18 
2 

1.6. 

2.3 2.4 2.6 2.8 2.7 2.8 2.7 2.8 2.9 3 3.1 3.2 
111 (1000/K) 1/T (1000/K) 

Figure 2. Plots of -log @ against 1/T which were used to calculate E., for guest desorption in 1-4. 

inorganic coordination compounds.12 The TG curves are 
shown in the supplementary material. The observed total 
weight lows are in excellent agreement with the calculated 
values, thus confirming the adopted host to guest ratios. 

The corresponding semilogarithmic plots are shown in 
Figure 2 and the activation energies thus derived are listed 
in Table 11. 

When an inclusion compound is heated and the guest 
molecules are allowed to escape, the host may revert to the 

rise to an empty clathrate, or &,-phase.13 A well-known 
(12) Herman, M. A.; Hofmans, H.; Desseyn, H. Thermochim. Acta cr-Phasep Or the hOSt may giving 

1985, 85, 63. 
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Table 11. Thermal Analysis 
comDd 1 2 3 4 

guest 
host:guest 
TG wt loss 

(calcd), % 
TG wt loss 

(obs), % 

AH (kJ mol-')" 
Umin (kJ mol-') 
EA (kJ mol-') 

7" - Tb, K 

toluene o-xylene m-xylene p-xylene 
1:l 1:l 1:l 1:2 
17.8 19.9 19.9 33.2 

17.6 19.5 17.5 32.8 

-22.6 -42.9 -62.1 -66.9 

-68.4 -74.7 -63.1 -73.0, -47.0, -67.0 
33.2 61.6 49.3 42.3 

94 f 2 89 f 2 100 f 4 102 f 7 

"Errors in the AH values can be as high as 20% owing to the 
difficulties in reproducing the sample preparations. 

example of the latter phenomenon occurs with zeolites, 
which can be dehydrated by heating to elevated temper- 
atures under vacuum without significant damage to the 
silica/alumina f rame~0rk . l~  With the vast majority of 
inclusion compounds where the hosts are discrete organic 
molecules, however, this latter process is rare, and the 
structure of the host-guest compound, &phase, usually 
collapses to the a-phase on guest loss. The X-ray powder 
diffraction patterns of compound 1 are shown in Figure 
3 [(a) freshly removed from the mother liquor and crushed 
(&phase); (b) crushed and maintained at 110 "C in vacuo 
for 1 h to ensure complete guest loss; (c) the pattern ob- 
tained from the pure host crystallized from chloroform]. 
The pattern shown in Figure 3b is more like that of the 
a-phase (Figure 3c) than that of the &phase (Figure 3a). 
The desorption of the guest from compound 1, then, seems 
to leave a framework of host molecules similar to that 
found in the unsolvated host compound. 

Table I1 summarizes the structural and thermodynamic 
results. One might expect that the compounds showing 
the greater stability would have the lowest crystal energy, 
Umin, and the highest values of Ton - Tb and of AH, the 
enthalpy change of the guest release reaction. The results 
of the energy calculation must, however, be interpreted 
with caution because comparison of host-guest interactions 
should strictly only be carried out between guests which 
are geometrical isomers and between compounds which 
have the same host to guest ratio. Comparison can 
therefore be made between compounds 2 and 3, and Table 
I1 shows 2 to be the more stable, with the lowest Umin and 
the highest values of Ton - Tb and M. 

The activation energies of the decomposition reactions 
of the four compounds vary between 89 and 102 kJ mol-' 
and are similar to those found in the decomposition of the 
inclusion compounds formed by trans-9,lO-dihydroxy- 
9,lO-dihydroanthracene with acetonitrile, 2,4-dimethyl- 
pyridine, and 2,&dimethylpyridine, which yield activation 
energies from 70 to 115 kJ  m01-l.'~ We have calculated 
the packing factors of structures 1 and 2 as the volume in 
A-3 per non-hydrogen atom. We note that 1, with a 
packing factor of 18.02 A-3/atom is not as well packed as 
2, which has a packing factor of 17.86 A-3/atom. However, 
the activation energy of desorption is greater for 1 than 
for 2 and we regard this as unusual. 

Experimental Section 
Synthesis. Tri (  1-naphthy1)silanol (H, host compound) 

was synthesized in one step, unlike the literature procedure.16 To 

(13) Bond, D. R.; Caira, M. R.; Harvey, G. A.; Nassimbeni, L. R.; Toda, 

(14) Barrer, R. M. Zeolites and Clay Minerals as Sorbents and Mo- 

(15) Caira, M. R.; Nassimbeni, L. R.; Schubert W-D. 2. Kristallogr. 

F. Acta Crystallogr. 1990, B46, 771. 

lecular Sieves; Academic Press: London, 1978. 

submitted for publication. 
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(b) Compound 1 (dried) 

8 10 12 14 18 18 20 22 24 28 25 30 32 
2 theta 

(c) Trinaphthylsilanol 
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Figure 3. X-ray powder diffraction patterns: (a) 1 freshly re- 
moved from mother liquor and crushed (@-phase); (b) 1 crushed 
and maintained a t  110 OC for 1 h to ensure complete guest loss; 
and (c) trinaphthylsilanol (a-phase). 

a stirred solution of 44.0 g (0.21 mol) 1-bromonaphthalene in 100 
mL of dry EtzO was added 131.2 mL (0.21 mol) of n-BuLi (1.6 
N in n-hexane) at  such a rate as to keep the temperature between 
0 and 5 "C under an atmosphere of argon. After the solution was 
stirred for 20 min, a solution of 10.2 g (60 mmol) of SiC14 in 50 
mL of dry EtzO was added under the same temperature condi- 
tions. Stirring was continued for 2 h at  this temperature before 
the mixture was poured onto 100 mL of diluted HC1. The pre- 
cipitate which formed was collected and washed with a few mL 
of cold MeOH. The organic layer was separated, washed with 

(16) Gilman, H.; Branneu, C. G. J. Am. Chem. SOC. 1951, 73, 4640. 
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HzO, and dried (Na,SO,). Evaporation of the solvent yielded a 
viscous oil which solidified on addition of a few mL of EtOH. The 
two crops of solids were combined and recryatallii from toluene 
to give the 1:l clathrate which was decomposed under vacuum 
(15 Torr) and heating (100 "C) to yield the pure host compound; 
53%, mp 209-211 "C (lit.16 mp 208-209 "C). 

Crystal Structure Determination. Data Collection and 
Processing. The inclusion compounds 1-4 were obtained by 
dissolving the host (H) in a minimum amount of chloroform and 
adding an excess of the appropriate guest liquid. 

The solutions were allowed to evaporate slowly for 3-4 days 
until crystals formed. These were mounted in capillary tubea and 
sealed under an atmosphere of mother liquor. Details of the 
crystallographic data collection and refinement for compounds 
1-4 are summarized in Table I. Preliminary cell dimensions were 
determined photographically. Data were collected at  293 K on 
an Enraf-Nonius CAD4 diffractometer using graphite mono- 
chromated Mo K, (A = 0.7107 A) radiation and the w - 28 method. 
Crystal stabilities were checked by periodic monitoring of three 
reference reflections. Data were corrected by Lorentz and po- 
larization factors, and absorption corrections were applied." Final 
refinementa were based on those observations that satisfied the 
condition I > 2aI. 

Solution and Refinement. The structures were solved by 
direct methods using S H E L X S - ~ ~ . ' ~  They were then refined by 
full-matrix least-squares using the SHELX76 program system." 
Non-hydrogen atoms were treated anisotropically, and non- 
hydroxyl hydrogens were constrained to 1.00 A from their parent 
atoms. Approximate positions for the hydroxyl hydrogens were 

(17) North, A. C. T.; Phillips, D. C.; Mathewa, F. S. Acta Crystallogr. 
1968, A24, 351. 

(18) Sheldrick, G. M. SHELX-86. In Crystallographic Computing 3; 
Sheldrick, G. M., Kruger, C., Goddard, R., E%.; Oxford University Press; 
Oxford, 1985; p 175. 

(19) Sheldrick, C. M. SHELX76, A Program for Crystal Structure 
Determination; University of Cambridge, England, 1976. 

found in difference Fourier maps, and these were then included 
in the structures at  fixed distances from their parent oxygens. 
The final difference Fourier maps showed no indication of in- 
correctly placed or missing atoms. 

Thermal Analysis. Differential scanning calorimetry (DSC) 
and thermogravimetry (TG) were performed using a Perkin-Elmer 
PC7 series system. Before analysis, crystals were removed from 
their mother liquor, blotted dry on filter paper, and crushed. 
Sample weight, in each case, was approximately 5 mg. A constant 
stream of nitrogen (flow rate 40 mL min-') w 0  passed over the 
samples. The temperature range for the DSC was typically 30-250 
"C at a heating rate of 10 "C min-'. 

TG was used to confirm the host to guest stoichiometry de- 
termined by crystal structure analysis. It was also used to calculate 
an approximate value for the activation energy of guest desorption, 
using the method described by Flynn and Wall." Various heating 
rates in the range 1-35 "C m i d  were used. 
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Chlorobicyclooctanone 3 on reaction with HzO-EhN in acetonitrile at 20 OC produced in high yield four complex 
dimeric compounds 4-7. The novel structures produced by C-C bond formation between tertiary centers were 
revealed by NMR and X-ray diffraction. Pathways leading from 4 or ita diastereomer 14 to cage compounds 
5-7 indicate the importance of proximity effects in these transformations. 

a-Halocyclobutanones2 have found wide synthetic ap- 
plication in the synthesis of tropolones,3 a-methylene 
y-lactone~,~ substituted cyclopentanones,5 and even cy- 
clopropane derivativesS6 Reaction of bicyclic a-halo- 
cyclobutanones with nucleophiles can lead to ring opening,' 
ring contraction: or cine substitution.sc*8 

Recently? we have shown that a-chlorobicyclooctone 
1 on reaction with hydroxide ion at  room temperature (24 
h) produced a cine substitution product 2 as well as a 
dimeric compound 2a. The facile formation of a C-C bond 
between two tertiary centers can be attributed to coupling 
of an enolate with an oxidoallyl cation generated from 1. 

'Dedicated to Prof. H. C. Brown on the occasion of his 80th 
birthday. 
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When we tried to test the generality of this coupling 
process by applying it to the oxabicyclooctane analogue 

(1) Stereochemistry 80. For paper 79 see ref. 12. 
(2) Bellus, D.; Ernst, B. Angew. Chem., Int. Ed. Engl. 1988,27,797. 
( 3 )  (a) Stevens, H. C.; Reich, D. A,; Brandt, D. R.; Fountain, K. R.; 

Gaughan, E. J. J .  Am. Chem. SOC. 1965, 87, 5257. (b) Asao, T.; Ma- 
chiguchi, T.; Kilamura, T.; Kitahara, Y. Chem. Commun. 1970,89. (c) 
Imafuku, K.; Inoue, K. Bull. Chem. SOC. Jpn. 1982,55, 3242. 

(4) Hassner, A.; Pinnick, H. W.; Ansell, J. L. J. Org. Chem. 1978,43, 
1774. - .  . .. 

(5 )  Greene, A. E.; Lansard, J. P.; Lucke, J. L.; Detrier, C. J. Org. Chem. 
1984, 49, 931. 

(6) (a) Martin, P.; Greuter, H.; Bellus, D. Pestic. Sci 1980,11,141. (b) 
Martin, P. Helu. Chim. Acta 1983,66, 1189. (c) Hassner, A.; Fletcher, 
V. R. Tetrahedron Lett. 1970, 1071. 

(7) Terlinden, R.; Boland, W.; Jaenicke, L. Helu. Chim. Acta 1983,66, 
466. 
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