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Abstract: This is the first in a series of studies of new host systems based on the 1,3,.5,7- 
tetraoxadecalin (TOD) core moiety. The parent molecule (2) and its 2,6-di(trans-sty&) 
derivative (5) were studied in the crystal (low temnerature X-ray ditliaction. electron 
density, geometry) and in solution (static- and dynamic IkUR). The relative-energies from the 
solution studies and the structural parameters from the X-ray analysis were compared with those 
from a ring-fragment analysis and with structural data of I,3-dioxanes and 1.3,.5.7- 
tetraoxadecalins which were retrieved from the Cambridge Structural Database. Molecular 
mechanics calculations using MU2 and MU3 performed poorly in reproducing relative energies and 
structural parameters. This is attributed to stereoelectronics in the 1,3,5.7-TOD system. 

INTRODUCTION 

We have recently initiated a new research project on novel polyacetal macromolecules, viz., 

polymers or macrocycles bearing “corn” molecules based on 1,3,5,7-tetraoxadecalm (1,3,5,7-TOD). The 

1,3,5,7-TOD system exists in the trans (1) and cis configurations, with the latter occurring in two 

conformationally interconverting forms, “O-inside” (2) and “O-outside” (3) (Figure 1). Contrary to the 

well known cis-decalin system’ or its 1,4,5&etraoxa derivative’, which exist as racemic mixtures of 

fast interconverting enantiomers 4 ? 4’. the relationship between 2 and 3 is diastereomeric. 

The 1,3,5,7-TOD system is long known in carbohydrate chemistry4. The preparation of the parent, 

unsubstituted molecules has been described5-’ and the cis-O-inside (2) form was discussed by Howard and 

Lemieux’, while the relative stabilities of certain substituted cis-1,3,5,7-TOD derivatives were 

examined by Stoddart’, S&roll* and coworkers. The starting materials in the preparative procedure 

actually determine the configuration of the 1,3,5,7-TOD products. Thus, (Figure 1) acetalization of 

erythritol with formaldehyde yields @aus-1,3,5,7-TOD (1) while D-threitol gives cis-1,3,5,7-TOD (2, 3) 

(these are accompanied by other, minor acetalic byproducts, e.g., 4,4’-bi(dioxoly1) which, since they 

are not disoussed in this study, are not shown in Figure 1). Indeed, the meso character of erythritol is 

preserved in the centrosymetric 1 (Ci, molecule, while Cz of threitol is preserved in 2 and 3. 

While we are interested in the entire 1,3,5,7-TOD system, the immediate subject of our research was 

the cis-O-inside isomer (2) which bears four oxygen atoms directed into its built-in cavity. We 

anticipated that the latter will be able to provide a good host environment in suitably substituted 
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systems, which are currently being built and studied in our grot~p~“~. 
In this paper we elaborate on the structural features of 2 and 5 in the solid state and compare 

H. SJZNDEROWEZ et al. 

these results with those available by retrieval from the Cambridge Structural Database (CSD) of some 
literature TOD structures and of the constituting ring fragments. The electronic properties are inferred 
and the dynamic behaviour in solution of 2 and 3 is described. We felt also compelled to probe in 
detail, using contemporary tools of experimental and computational interrogation, the static and dynamic 
behavior of the cis-1,3,5.7-tetraoxadecalin core system, but we found that the MM2 and MM3 force fields 
are inadequate in calculating these features. 

RESULTS AND DISCUSSION 

To gain a good understanding of cis-1,3,5,7-TOD, in particular to probe possible electron density 
manifestations of high lone-pair concentrations in small elements of space and to obtain accurate 
geometries, we set out to determine the low-temperature crystal structures of two molecules in this 
system. Some room-temperature X-ray diffraction analyses of substituted 1,3,5.7-TOD compounds in the 
series have been published”. For that of the “naked” truns isomer (1), partial structural data have 

been quoted**. but we could not find the full report. As to the unsubstituted cis-O-outside form (3), 

Figure 1. The three 1,3,5,7-tetraoxadecalin (1,3,5,7-TOD)+ diastereomers and their derivation from 
the respective tetritols. 

meso-etythritol 

--c 2 Cl@3 

H 

H 

D-threitol 

(9S.l OR)-trams-1,3,5,7-TOD (1) 

O-inside (2) O-outside (3) 

(9R.l OR)-cis-1.3,5,7-TOD 

(4) 

____.II-_______________________________------------.------------------------------------------_-------_----____---________________.__ 

t For the sake of clarity and consistency with all our and certain other studies, we use the 
1,3,5,7-tetraoxadecalin nomenclature (cJ 2 for atom numbering). Other names are, e.g. for 
cis- 1,3,5,7-TOD: (lR)-cis-2,4,7,9-tetraoxabicyclo[4.4.O]decane, 1,3:2,4-di-O-methylene-D- threitol or 

(as in Chemical Abstracts), (4aR)-(4ar,8ac)-tetydro[l,3]dioxino[5,4-d]-1,3- dioxin. In the same 
context, due to a minor but basic omission of the CIP rules, one cannot assign configurations to chiral 
cis-decalin (and similar) systems, other than by 9,10-helicity specification. Thus, the 
diastereoconformers 2 (“O-inside”) and 3 (“O-outside”) are., in fact, (9R; 9,10-M)- and (9R, 
9,10-P)-cis-1,3,5,7-tetraoxadecalin, respectively. 
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although observed in solution, it is practically unisolable. Hence, we prepared single crystals of 

rat-cis-1.35.7~tetraoxadecalin (2) and of (9R,9,lO-M)-2,6-di(~atz.r-styryl)cis-1,3,5,7-tetraoxadecalin 
(S)‘“, which were submitted to low temperature X-ray diffraction analysis. Thus, we were able to secure 
accurate molecular structnral parameters and to probe the electron density in the peculiar molecular 
cavity, into which the oxygen electron lone-pairs are projected. 

Table 1. Experimental details of X-ray diffraction analyses of cis-1,3,5,7-tetraoxadedin (2) and its 
2,ddi(rran.+styryl) derivative (5). 

A. Crystal Data 

Empirical Formula 
Formula Weight 
Crystal Color, Habit 
Crystal Dimensions (mm) 
Crystal System 
No. of Reflections Used for Unit 
Cell Determination (28 range) 
Lattice Parameters: 

Space Group 
Z value 

$&I) 
CI (MoKJ 
B. Intensity Measurements 

Diffractometer 
Radiation 
Temperature 
Scan Type 
scan Rate 
Scan Width 
28@n.=) 
No. of Reflections Measured 

Corrections 
Absorption (max. & min. coeff.): 

(2) 

c6Hloo4 
146.14 

C22H**04 
350.41 

colourless, prism colourless, plate 
0.17 x 0.28 x 0.38 0.10 x 0.50 x 0.50 
monoclinic monoclinic 

4 
1.543 g cme3 
312 
1.222 cm-’ 

Nicolet R3 
MoK, (h = 0.71069 A) 
123 K 
(a-28 
2.9 - 29.3O mm-1 
2.2+wKa ;2eKa2) 
7n" 
TOtah 4773 
Unique: 1402 (R~Iu =0.024) 
Lorentx-polarization. 
1.051 - 0.872 

(5) 

L 

1.267 g cm” 
372 
0.810 cm-’ 

Es’ (~~i71069 A) 
looKa 
6h2e 
8’ min-1 
I .37+0.35 tane 
109” 
Total: 24048 
Unique: 12052 (Rp1 = 0.040) 
No decay. No extinction correction 
1.135 - 0.741 

C. Structure Solution and Refmement 

Structure Solution 
Refmement 
Fbnction Minim&d 
Least-square Weights 
No. Observations (I>3a(I)) 
No. Variables 
Reflection/Parameter Ratio 
Residuals: R; Rw 
Goodness of Fit Indicator 

Direct methods*’ 
Full-matrix &a&squares on p22 
ZMlFd-lF# 

[c?(F0) + (0.015Fo) 1-l 
983 

[$F$ + (O.O05Fo)*]-’ 

66 322 
14.9 18.8 
0.0270; 0.0375 0.0343; 0.0332 
1.635 1.693 

Max. Shift/Error in Final Cycle 0.0001 0.001 
Max. & Min. Peak in Final 
Difference Map 0.27; -0.34 e As3 0.28; -0.26 e Am3 
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The experimental details are presented in Table 1. the structural data in Tables 2 and 3 and the 
ORTEP diagrams in Figures 2 and 3. The structure of 2 contains a crystallographic 2-fold axis passing 
through the mid point of the C9-Cl0 bond (crystallographically designated C9-C9’). Molecular packing 
diagrams, showing the racemic 2 and enantiopure 5, are presented in Figures 4 and 5, respectively. 

Figure 2. An ORTEP drawing of cis-1,3,5,7-tetraoxadecalin (2) with 50% probability ellipsoids showing the 
atom numbering (atoms 05. 07. C6, C8 & Cl0 are equivalent to 01, 03. C2, C4 & C9, respectively. 

> H22 

H21 

v H41 

Figure 3. An ORTEP drawing of (9R)-2,6-di-p-(~u~-styryl)-cis-1,3,5,7-tetraoxadecalin (5) with 50% 
probability ellipsoids, showing the atom numbering. 
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Table 2. Atomic positional parameters and equivalent isotropic temperature factors (A’) of cis- 
1,3.5,7-tetmoxadecalin (2) with e.s.d.s in parentheses. A crystallographic C2 axis through C(9)-C(10) 
makes atoms 05, 07, C6. C8 & Cl0 equivalent to 01, 03, C2, C4 & C9, respectively. 

ATOM 

3:; 
0.1288x1(5) 0.015&l) 0.381%(5) 0.01~; 
0.12375(5) -0.0115(l) 0.20260(6) 0.0220(3) 

:i:; 
0.20038(7) 0.0220(2) 0.34174(g) 0.0223(4) 
0.03736(7) 0.2348(2) 0.13554(g) 0.0208(4) 

C(9) 0.04233(7) 0.2632(2) 0.32578(7) 0.0173(3) 
*Ueq is defined as one third of the trace of the orthogonalized Uij tensor 

Table 3. Atomic positional parameters and equivalent isotropic temperature factors (A2) of 
2,6-di-p-(tranr-styryl)-cis-1,3,5,7-tetraoxadecalin (5) with e.s.d.s in parentheses. 

ATOM 

2:; 
o(3) 
C(4) 

$1 

3; 
C(9) 

$:I 
C(12) 

2::; 
C(15) 

E[:$ 
C(18) 
C(19) 

“CZ] 

EZ{ 
~(24) 
~(25) 
C(26) 

0.9014;4) 
0.85277(6) 
0.9141 l(4) :g;;fz] 
1:14612(5) 
1.08372(4) 
1.02105(6) 
0.9681q6) 
1.03514(6) 
0.77989(6) 
0.77584(6) 
0.70423(6) 
yw;; 

0:56759(7) 
0.55878(6) 
0.62637(6) 
1.21409(6) 
1.22193(6) 
1.29025(5) 
1.27774(7) 
1.34249( 8) 
1.42160(7) 
1.43495(6) 
1.37018(6) 

0.0329( lj ’ 

0.2m(lj 
0.1671(l) 
0.0756(1’) 
0.0708(1 j 

-O.O262( 1) 
-0.0369(2) 
0.0495( 1) 

0.3966(l) 
0.4347( 1) 

KSSSilj 
0:5233( 1) 
;;;72;{ 

0:6545( 1) 
0.6283( 1) 

EE# 
0:1285(l) 

-0.0098(2) 
-0.1275(2) 
-0.1085(2) 
0.0283(2) 
0.1453(l) 
0.3917( 1) 
0.2670(l) 
0.1383(l) 

-0.0007( 1) 
-0.1229(2) 
-0.lcVq2) 
0.0303(2) 
0.1520(l) 

0.0167(2) 
0.0168(2) 

0.021 l(2) 
0.0181(2) 

*Ueq is defined as one third of the trace of the orthogonal&d Uij tensor 

Figure 4. Molecular packing of rue-cis-1,3,5,7-tetraoxadecalin (2) projected down the c-axis. 
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Figure 5. Molecular packing of (9R)-2,6-di-p-(nans-styryl)-cis_1.3,5,7-tetraoxadecalin 
along the a-axis. Hydrogen atoms have been omitted for clarity. 

(5) pmj=ti 

In order to examine the electron density distribution in the molecules, the reflection 
data was measured carefully at a very low temperature, the complete sphere of data being measured for 2 
and a hemisphere for 5, thereby allowing several measurements of equivalent reflections. For 5 the data 

were collected to sine/h = 1.15 and the difference electron, density maps were generated using the X-Xno 

method15, where the high-order atomic coordinates were obtained from a refinement of the data using only 
those reflections for which sir&t/% was greater than 0.7. Unfortunately mechanical restrictions of the 
diffractometer only allowed the data for 2 to be collected to sint3A = 0.8, so that a satisfactory 
high-order refinement of the structure was not feasible and the X-Xno maps could not be generated. 
Therefore standard difference electron density maps were used for the analysis. 

Three of a series of difference electron density maps obtained in each of the analyses of 2 and 5 
are displayed in Figures 6 and 7, respectively. They represent parallel cross-sections using the plane 
defmed by atoms 01, C2 and 03. The three most significant cross-sections are shown in each of the 

Figures; contour intervals are at 0.04 e A”, positive electron density is shown in solid lines, 

negative in short broken lines and the zero level is in longer broken lines. Part (a) shows the 
cross-section which contains 01, C2 and 03, and, as expected, some weak electron density can be seen 

lying along the internuclear axes between these atoms. This cross-section should also reveal electron 
density associated with one of the lone pairs of electrons on each of the atoms 01 and 03. The lone pair 
lies in the plane of this cross-section and should extend directly out from the ring. 

Part (b) shows a cross section parallel to and below (a), being the best plane containing the atoms 
C4, ClO, C9, and C8 (C4, C9’, C9 and C4’ for compound 2). Here one can clearly observe that there is a 

significant accumulation of electron density along the central C-C bonds. Part (c) is a cross-section 
lying above that of (a) at a level which should reveal the electron density associated with the second 
lone pair of electrons on the atoms 01 and 03. These lone pairs should lie approximately directly above 
the Ol-C9 and 03-C4 bonds respectively. Figure 7 is a “cleaner” map than Figure 6 (which is a property 

of x-xno maps), although the crystals of 5 were plate-like, which is not the ideal crystal form for 



New supramolecular host systems-1 9697 

W 

Figure 6. Difference electron 
density maps for 2, showing: 
(a) the plane through atoms 01, 
C2 and 03, (b) a cross-section 
parallel to and 1.3 below that 
in (a), which is the best plane 
through atoms C4, C9’, C9 and 
C4’, and (c) a cross-section 
0.3 A above that in (a). Thq 
contour intervals are 0.04 eA_. 

Figure 7. X-X, difference 
electron density maps for 5, 
showing: (a) the plane through 
atoms 01, C2 and 03, (b) a 
cross-section parallel to and 
1.2 below that in (a), which is 
z E emdthrough atoms 

cl&Me&m 0.4 F 
9 and (c) a 
above that 

in (a). The contour intervals 
are 0.04 eA_‘. 
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studying accurately the electron density distribution. The search for electron density associated with 
the lone pairs on the oxygen atoms was somewhat disappointing, although the maps for 5 (Figure 7) look 
more promising. It appears that the increased electron density in the C-C bonds is the most interesting 
conclusion of this X-ray diffraction study, in addition to the significant structural information 
secured. 

These observations on the cis-1,3,5,7-tetmoxadecalin system should be manifest in its physical 
properties and the most immediate manifestations am bound to be of structural nature, as will indeed be 
seen below, including their various consequences. However, there should also be observable spectroscopic 
manifestations, mainly by NMR, and the ‘H- and ‘3C-NMR data of l”, 2sbb*7’ and Sna are displayed in 

Table 4 (3 itself is unavailable and its few existing, as well as new substituted derivatives will be 
discussed in a separate study). 

Table 4. ‘H- and’3C-NMR data of 1, 2 ? 3, and 5 (6 in ppm, J in I-Ix). 

H 
9.10 

6 5.01 (d) 4.73 (d) 4.16 (dd) 3.56 (dd) 3.56 (dd) 
‘H *Jlo3, *J 

4a.4a ‘J,,,o 3J4e 10 
-6.2 8.1 9.3 1.6 

la 

13C 94.10 74.06 68.45 

‘H 

2f3 

a) 5.17 (dd) 4.77 (d) 4.14 (ddd) 3.80 (dd) 3.64 (d) 

6 b) 5.12 4.45 4.06 3.33 2.84 

c) 5.14 4.50 4.06 3.41 2.99 

3J2& *J4@ 3J 41.10 
0.9 -12.5 1.80 (2% K) 

1.83 (313 K) 
1.86 (331 K) 
1.89 (346 K) 

13C 93.12 69.93 69.39 

6 5.26 (d) 4.32 (d) 4.05 (d) 3.78 (bs) 
‘H *J,= 3J4*#4. 

5” 5.1 12.5 

13C 100.81 69.70 69.70 

8) in chloroform-d. b) in toluene-d, at 23 C. C) in toluene-ds at 73 C. 
OurNMRmeasure ments of 2 fit the earlier published’ and recently updated one?““; however, for 

variable temperature studies we measured it also in toluene-ds, in which the chemical shift order is 
preserved, although with upshifted values. Strangely, no mention was made in previous literature reports 
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of the peculiarities in the NMR spectrum of the cis-1,3,5,7-tetraoxadecahn system. For one, the methine 

protons on the C9-Cl0 bridge of 2 (as well as 5 and its other derivativer?) resonate at highest field. 
There seems to be no obvious mason to fmd them higher than the vicinal, axial methylene protons. 

It has been reported, from dipole moment measurements5. that cis-1,3,5,7-tetraoxadecalin exists in 
the dynamic equilibrium 2 2 3, in which the O-inside isomer (2) is by ca. 90% the preferred one. Since 
one of our aims was to attain reliable relative stabilities of all the 1,3,5.7-TOD isomers, we examined 
the dynamic behavior of 2 2 3, using straightforward variable temperature NMR techniques (Norskov et 

al. 8b have investigated a similar equilibrium in a spechdly prepared disubstituted cis-1,3,5,7-TOD 
system). Spectra of 2 in toluene-ds were measured in the range 2% - 346 K (Table 4), focussing on 
‘Jf’:, (which is Job= ‘Jf~,$n 2 and J_= ‘c,, in 3) , as it changes in the thermally driven 
eq&ibrium 2 2 3. While three lower measurements down to 250 K were discarded, since the viscosity of 

the solution increased appreciably and the slope changed, it should be noted that the lowest 3J 
value reached was 1.5 Hz, which we used for Job (in the 26diequatorially substitu~ 
conformationally fmed derivatives of 2 in our hands”, ‘J,,,, is in the range of 1.3 - 1.6 Hz). To 

secure a reliable J_, value is much more difficult, since 3 itself is not an independently viable 
species and substituted derivatives (with the desired NMR data) are scarce. Therefore, we had to resort 
to computational techniques and an MM3 calculation of 3 was car&d out and used in conjunction with the 
PCMODEL molecular modeling progran?‘, including the option to perform a Karplus type analysis, as 
modified by Haasnoot ec al.‘“. ‘Ibis gave J_,= ‘Jf~io= 6.1 I-Ix and ‘JLy: = 10.6 Hz, we could fmd 

no literature value for the former, but the latter corroborates well with that (10.61 I-Ix) observedEb in 
a substituted derivative of 3. For comparison, 1,3-dioxane was similarly calculated by MM3/PCMODEL and 
the relevant NMR coupling constants are (observed values’70 in parenthesis): ‘Jcsa= 5.1 (4.9) Hz, 
‘c::r 2.8 (2.3) Hz, ‘Jl,“J:= 12.1 (12.4) Hz and ‘J:iy:= 1.2 (1.2) I-Ix. The’ above value for 
diequatorial ‘Jcio= 6.1 Hz ‘is, indeed, unusually high but, ‘being accompanied by reasonable adjacent 
values, it reflects the unusual geometry of the ring, as shown below. 

Analysing the variable temperature NMR data of cis-1,3,5,7-tetraoxadecalin in 2/3 (Table 4) and 
using the well known relationships: J&,= XJ, + (l-X)Jht and AC; = -RTlnK = &- TAS’, one comes 
up with @ = 1.2 kcal/mol, AS“ = -1 e.u. and a free energy difference AC& = 1.6 kcal/mol (Kz% = 
14.4). Admittedly, due to the mentioned difficulties, mainly in not being able to approach the slow 
exchange limit, this should be still regarded as approximate and representing lowest values of the 
thermodynamic parameters for the equilibrium 2 2 3. 

The tram isomer (1) cannot be included in the equilibrium under scrutiny, due to the absence of an 
accessible isomerixation pathway. However, all three isomers can be compared either qualitatively, by 
interaction-counting” or computationally (Figure 8). First, and to gain a better understanding, the 
1,3,5,7-TOD molecule can be treated as a double 13-dioxane system (Figure 8). Stoddart” and Schrollsb 

and coworkers have touched upon this point earlier. Thus, one can undertake a fragment analysis of the 
1,3,5,7-TOD system in terms of accessible experimental results, since the 1,3dioxane ring system had 
been extensively and thoroughly studied”. 

Indeed, considerable insight can be gained by considering the 1.3,5,7-TOD system as constructed of 
two 4,5-condensed 1,3-dioxane rings, incorporating two inmrhvmed 5-methoxy-1,3dioxanes and similarly, 
two 4-methyl-1,3dioxanes, with their steric and stereoelectronic effects (Rigure 8). 
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Thus (Figure 8a), the relative energies of the 1,3,5.7-TOD isomers were estimated by judiciously 

combining the experimentally established relative stabilities of: i) axial and equatorial 

5-methoxy-l$-dioxanes”” (1.5 times the measumd value of 1.05 kcal/mol, since the two 1.3~dioxane 

units overlap in the TOD C9-ClO bond, making one of the four methoxy interactions redundant); ii) 

simihlrly. 1.5 times the free energy difference between axial and equatorial 

4-methyl-l,3-dioxane’7c27’, as shown in Figure 8. The still unknown relative energy of the 

truns-1,3,5,7-TOD isomer became available this way and, as it turned out, it is the lowest one in the 

TOD series. However, even taking into account the different experimental methods used for the various 

fragments, there is only qualitative agreement between the additively estimated (3.5) and the above 

observed (1.6 kcal/mol) relative energies of cis-O-inside (2) vs. &O-outside (3) isomers. 

Figure 8. Relative stabilities of harts and the two cis-1,3,5,7-tetraoxadecalins, as obtained from 

intera~ular fragment analysis and molecular mechanics calculations. 

Relative Energies (kcal/mol)^ 

B (exp.) 

(a) 

5-Methoxy- 1,34oxane (AC&r. - 1 .Osb) 

4-Methyl-1,3dioxane (AGomt. = -2.95’) 

Lo 
? 4 Me 

M. 0-4 
MM2-AE’s 

Mld9 

AE (talc.) 

1,3,5,7-tetraoxadecalin (1,3,5,7-TOD) 

funs (1) cis-Oi (2) cis-00 (3) 

0.0 1.6 0.0 

0.0 0.0 5.1 

0.0 1.6 5.1 

0.6 0.0 5.7 

1.1 0.0 5.9 

a) Entropy differences were neglected. 

b) The value is from acid catakysed equilibration studies”@, in the least polar solvent. 

c) The value is from acid catalysed equilibration studies’7c’7*. 

d) steric energies. 

A more quantitative evaluation could be expected from molecular mechanics computations and in 

Figure 8b we included the relative energies of 1,2 and 3 as calculated by MM2-AR’s and by MM319”‘. The 

outcome is intriguing: in cis-1,3,5,7-TOD, the steric energy difference between 2 and 3 was calculated 

to be even higher than the above e&mated value. viz., 5.7 and 5.9 kcal/mol, respectively. More 

surprisingly, the truns isomer 1 was calculated to about 1 kcal/mol higher than 2 and not the most 

stable in the series, i.e., contrary to the results from fragment analysis (Figure 8). These 



New supramokcular host systems-I 9701 

calculations provided, of course, also the structural parameters of the investigated 1,3,5,7-TOD 

molecules. Relevant parameters of 1. 2 and 5 are presented in Table 5, to be compared with those taken 

from the respective X-ray determmations. 

Table 5. Structural parameters of 1, 2 and 5 as obtained from X-ray diffraction analysis and from 
molecular mechanics (MM2 and MM3) calculations. 

5 

MlmMM3 

1.416 1.415 
1.416 1.414 

1.416 
1.416 
1.437 
1.437 
1.416 
1.416 
1.441 
1.441 
1.519 
1.519 
1.519 

hy’2 
1.418 

1.430 

1.416 

1.439 

1.411 
1.411 
1.436 
1.436 
1.413 
1.413 
1.434 
1.434 

Xrayb 

1.414 
1.419 o(sj-c(6j 

o(l)-C(9) 

C(4)-C( 10) 
C(8)-C(9) 
C(9)-C( 10) 

1.433 
1.433 
1.419 
1.419 
1.435 
1.435 
1.524 
1.524 
1.527 

1.438 1.441 1.435 
1.437 1.440 1.434 

1.413 
1.413 
1.438 
1.438 

1.414 
1.414 
1.432 
1.432 
1.530 
1.530 
1.534 

1.421 
1.416 
1.435 
1.442 

1.416 1.414 
1.416 1.414 
1.438 1.431 
1.438 1.432 
1.521 1.528 
1.521 1.528 
1.520 1.531 

1.510 1.523 
1.510 1.523 

1.519 
1.514 

1.529 1.523 1.528 

Bond angles (degrees) 
c(2)-0(1)-C(9) 109.0 
C(6)-o(5)-C( 10) 
C(2)-0(3)-C(4) 111.0 
C(6)-0(7)-c(8) 
o(l)-C(2)-o(3) 112.4 
o(5)-C(6)-q7) 
q3)-c(4)-c( 10) 
o(7)-C(8)-C(9) 
o(l)-C(9)-C(8) 
O(5)-C( 10)-C(4) 
0(1)-c(9)-CUO) 
o(5)-C( 10)-C(9) 
C(4)-C( 10)-C(9) 
C(8)-C(9)-C( 10) 

109.7 108.8 110.8 110.9 110.5 111.4 
110.8 110.9 110.5 111.4 
109.8 110.5 110.2 110.6 
109.8 110.5 110.2 110.5 
112.1 110.1 111.5 111.3 
112.1 110.1 111.5 111.1 
111.3 109.9 109.9 111.5 
111.3 109.9 109.9 111.1 
108.6 109.1 108.1 108.1 
108.6 109.1 108.1 107.7 
110.2 109.7 109.1 110.3 
110.2 109.7 109.1 110.8 
110.1 110.5 111.9 110.7 
110.1 110.5 111.9 110.5 

111.9 111.5 
112.2 111.7 
111.4 111.1 

109.7 108.8 
111.1 110.6 
111.1 110.6 
111.1 112.6 
111.1 112.6 
107.9 107.2 
107.9 107.2 
111.9 110.5 
111.9 110.5 
108.3 106.6 
108.3 106.6 
108.6 109.4 
108.6 109.4 

111.4 111.0 
106.7 106.9 
106.8 107.1 
109.6 109.5 
109.7 109.7 
109.0 108.1 
108.9 107.8 
109.6 108.9 
109.4 108.7 
110.0 111.5 
109.9 111.4 

Torsion angles (degrees) 
C(2)-o(l)-C(9)-C(8), 
C(6)-o(S)-C( 10)-C(4) 
c(2)-ql)-c(9)-C(lo) 
C(6)-o(S)-C( 10)-C(9) 
c(9)-o(l)-C(2)-o(3) 
C( lo)-o(5)-C(6)-q7) 
c(2)-q3)-c(4)-C(lo) 
C(6)-o(7)-C(8)-C(9) 
c(4)-o(3)-C(2)-q 1) 
C(8)-o(7)-C(6)-q5) 
o(3)-C(4)-C( 10)-o(5) 
o(7)-C(8)-C(9)-o(1) 
q3)-c(4)-c(lo)-c(9) 
o(7)-C(8)-C(9)-C( 10) 
ql)-C(9)-Wo)-q5) 
ql)-c(9)-C(lo)-c(4) 
o(5)-C( lo)-C(9)-C(8) 
C(8)-C(9)-C( 10)-C(4) 

179.5 179.6 
179.5 179.6 

176.4 178.3 178.2 176.6 179.1 179.4 
176.4 178.3 178.2 176.2 179.1 179.6 

-60.8 -61.6 55.8 57.1 56.2 55.7 58.7 58.3 
-60.8 -61.6 55.8 57.1 56.2 55.0 58.8 58.5 

61.7 63.1 64.1 
63.1 64.1 
58.8 57.4 
58.8 57.4 

-65.1 

-62.3 -62.6 -62.2 
-62.6 -62.2 

-176.2 -175.1 

-63.3 
-63.3 
-56.5 
-56.5 

-65.1 
-57.7 
-57.7 

63.0 
63.0 

-65.9 
-65.9 
-55.6 
-55.6 

-176.2 -175.1 
-56.7 -58.0 

-66.4 -68.7 
-66.2 -68.6 
-59.7 -58.4 
-59.6 -58.1 

-70:2 EI 

68.4 

-;.f 

-56.7 -58.0 
180.0 180.0 
58.3 60.5 
58.3 60.5 

180.0 180.0 

-69.8 
-69.8 
50.8 
50.8 
69.6 

-50.0 
-50.0 

-169.7 

65.3 
65.3 

-70.2 
-70.2 
50.5 
50.5 
70.4 

-50.0 
-50.0 

-170.4 

65.3 
65.3 

-71.4 
-71.4 
48.8 
48.8 
70.8 

-48.9 
-48.9 

-168.6 

-63.4 
-62.9 
-55.5 
-56.6 
62.7 
63.3 

-72.4 
-71.4 

$49 
71:o 

-48.4 
-48.5 

-167.9 

-70.1 -71.9 
49.8 47.5 
50.0 47.7 
70.4 71.6 

-49.1 -47.2 
-49.4 -47.5 

-168.9 -166.2 

L. A crystallographic C2 axis through C(9)-C!(lO) makes atoms 0507, C6, C8 & Cl0 equivalent to 01, 03, 
C2, C4 & C9, respectively. b. X-ray data are given without standard deviations and rounded off for 
comparison with calculated data. The complete list is included in the Supplementary Material. 



9702 H. SENDEROW~~Z et al. 

It appears that bond angles and torsion angles are rather well reproduced by calculation; as to 

bond lengths. however, only those in the C-O-C-O-C anomeric moiety were faithfully reproduced but not so 

the C-C bonds, for which the calculations could not match the unusually short observed ones. This 

inability of MM2 and MM3 to calculate faithfully relative stabilities and geometries in the TOD series 

is puxxling and may be due to some failure in the MM force fields to account correctly for the 

stereoelectronic effects operating in the TOD molecules. It is certainly impedimental to further 

detailed study of these systems. Therefore, it will have to be urgently dealt with9. 

Table 6. Mean bond lengths (L. A>, bond angles (A, deg.) and dihedral angles (T, deg., absolute values) 
of 1,3-dioxane systems retrieved from the CSD with m.s.d’s in parentheses. 

01&M 3L3 5L56 
Al A2 A3 A4 A5 A6 

I 
1 Tl T2 T3 T4 T5 1 

L6; T6 

Cases: All Monocyclic Monocyclic 

Hits: 

Ll 

L2 

L3 

LA 

L5 

L6 

Al 

A2 

A3 

A4 

A5 

A6 

Tl 

T2 

T3 

T4 

T5 

T6 

subs&. 5-axially 
substituted 

109 

1.415 (0.002) 

1.410 (0.002) 

1.432 (0.001) 

1.519 (0.002) 

1.517 (0.002) 

1.432 (0.001) 

23 11 

Mean Value (m.s.d.) 

1.410 (0.004) 

1.402 (0.005) 

1.432 (0.003) 

1.52 1 (0.004) 

1.508 (0.004) 

1.432 (0.003) 

1.414 (0.004) 1.410 (0.004) 

1.406 (0.007) 1.403 (0.005) 

1.432 (0.004) 1.436 (0.003) 

1.522 (0.004) 1.530 (0.006) 

1.515 (0.005) 1.522 (0.005) 

1.431 (0.004) 1.434 (0.003) 

111.58 (0.18) 

110.83 (0.11) 

112.02 (0.18) 

109.95 (0.17) 

108.73 (0.21) 

109.98 (0.18) 

60.54 (0.44) 

60.49 (0.41) 

57.20 (0.34) 

52.48 (0.60) 

53.19 (0.45) 

57.79 (0.33) 

111.46 (0.32) 

111.06 (0.23) 

111.79 (0.37) 

110.13 (0.26) 

108.49 (0.42) 

110.21 (0.34) 

59.65 (1.43) 

60.07 (1.19) 

57.49 (0.57) 

51.06 (1.90) 

52.76 (0.60) 

58.20 (0.89) 

111.77 (0.51) 

110.49 (0.24) 

111.90 (0.47) 

110.43 (0.50) 

107.91 (0.67) 

111.08 (0.39) 

58.97 (2.34) 

58.25 (2.86) 

58.76 (1.81) 

51.29 (1.23) 

48.50 (3.76) 

57.90 (0.85) 

Monocyclic 
;rtia$:ally 

10 

110.5 1 (0.34) 

110.94 (0.37) 

110.85 (0.54) 

110.02 (0.35) 

106.86 (0.42) 

110.44 (0.40) 

62.45 (0.50) 

62.58 (0.66) 

59.16 (0.93) 

54.33 (1.01) 

54.63 (0.5 1) 

59.33 (0.51) 

Within 
1,3,5,7-TOD 

1.413 (0.003) 

1.411 (0.003) 

1.434 (0.004) 

1.520 (0.005) 

1.513 (0.005) 

1.430 (0.003) 

110.48 (0.69) 

112.21 (0.29) 

111.50 (0.59) 

108.20 (1.05) 

109.89 (0.69) 

109.90 (0.38) 

61.85 (1.41) 

63.26 (0.75) 

58.12 (1.07) 

53.34 (2.02) 

53.67 (2.64) 

57.08 (1.88) 
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Still in this context, we were interested in the details of the ring geometry of as large a number 

as possible of 1,3-dioxane derivatives, so that they could be statistically analysed and compared with 
those in available 1,3,5,7-TOD structures (cfi Table 5 and ref. 11). This was accomplished by retrieving 
13-dioxane systems from the Cambridge Structural Database (CSD)” and submitting them to careful 
screening and purging of spurious items, in order to maxim& accuracy and consistency. This’ qualifying 
procedure left 109 items for statistical analysis (Table 6). 

‘Ihe structural parameters characteristic of 1.3~dioxanes and relevant to this work, (see also 
earlier discussions”“~), can be soundly generalii as follows (Table 6): (i) there is increased 

ring puckering of the acetal part (C-O-C-O dihedral angles Tl and T2. around 609, as compared with that 
of the carbocyclic part (O-C-C-C dihedral angles T4 and TS around 534; (ii) the O-C-O bond lengths are 
short (Ll and L2 around 1.41 A) and the C-O-C-O-C bond angles, Al, A2 and A3 are large (110-112’) as 
imposed by the anomeric effect13’14; (iii) there is a characteristic C-C bond shortening (LA and LS 
around 1.52 A), as actually demanded of electronegatively substituted C-C bondsz9. 

This can be now instructively compared with the 1,3.5,7-TOD data obtained in this study (Table 5) 
along with some which have been retrieved from the literature” (Table 6, last column). It is evident 

that some of the 1,3,5,7-TOD parameters are similar to those in the 1,3-dioxane rings, such as the ones 
associated with the O-C-O (anomeric effect) moiety, i.e., short bond lengths (1.41 A) but there is 
higher relative ring-puckering in this part of the TOD rings (C-O-C-O dihedral angles of 634. At the 
same time the C-C-C bonds in the TOD molecules are even shorter (ca. 1.51 A) and are accompanied by 

considerable more flattening of that part of the ring, i.e., O-C-C-C dihedral angles of 50” and below 
(Table 5, bottom). This compares well with the 5-axially substituted 1,3dioxanes (Table 6, third 
column). 

All the above described findings contribute to the understanding of the overall structural picture 
of the 1,3,5,7-TOD diastereomers, in particular cis-1,3,5,7-TOD including its above discussed peculiar 
NMR chemical shifts and vicinal coupling constants. The latter, in particular J_ (vide supra) are a 
result of the increased ring flattening in the C-C-C part of the 1.3~dioxane rings, whereas the 
unusually high field chemical shit of the angular protons is brought about by the high electron density 
in these bonds, which correlates (inversely) well with the considerable bond shortening in the C-C-C-C 
moiety, as postulated previously30. As to why the C-C bond shortening and the trans relative stability 
are not well calculated by the MM force fields, it stands to reason that it is because both MM2’s and 
hlIWL9 have not been parametrized for such, rather esoteric features, essentiahy of stereoelectronic 
nature; this will have to be, of course, substantiated9. 

Finally, we want to mention also the interesting packing arrangements of the cis-TOD’s, namely, the 
racemic 2 (Figure 4) crystallised accordingly (WC space group) whereas the optically active 5 (Figure 
5) crystallized in the chiral p2r space group, adopting a typical. host-guest arrangement. 

CONCLUSIONS 

A low temperature X-ray diffraction study of cis-1,3,5.7-tetraoxadecalin (2) and its 
2.6di(trans-styryl) derivative (5) provided their detailed structures and electron density properties, 
including a peculiar density concentration in the central C-C bonds. In solution, the dynamic behavior 
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of 2 was probed using valiable tempgatun NMR techniques. The d+O-i (2 !I 3) 
equilibrium occurs in tol~e with a frse qy diffexence AG”29s of more than 1.6 kcal/mol. ‘Ihe 
relative energies from the solution studies and the strWuml parsmeters from the X-ray analysis wem 
compared with the results from fragment analysis based on available shucmml and Felative stability 
data of appzupriately substituted 1,3dioxanes and othex smsll units. This appmach indicated that the 
trans (1) isomer is the most stable one in the TOD manifold and evaluated AGo for 2 3 3 at 3.5 kcal/mol. 
Analysis of structural data of 1,3-dioxanes and 1,3,5,7-ts retrieved from the Cambridge 
Structural Database provided a con&tent understanding of the TOD stroctural features. Ivloleculsx 
mechanics cabxladons using MM2 and MM3, however, perfe poorly in mpmduc& eqerimental energies 
andWtailIst.NctWlparametas. ‘lke tnatmart of this problem was defexred to the following paper. 

A~~~Thisworkwassupportedinpartbyansearcb~fromtheMinishyofScienceand 
Arts and a grant from the h4inistry of Absorption (to L. G.). ‘IIe molecuiar mechanics calculations at 

Tel-Aviv were performed on a DBC H)ooIuK) workstation which was purchased with partial support from the 

sackler Pond. 
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