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The results of an investigation of the spirt-spin coupling constants of the pro- 
tons in the OCH2CH2N fragments of asymmetric derivatives of metallatranes and 
the two-dimensional *H NMR (NOESY) spectra of 1-substituted 3,6,10-trimethyl- 
si!atranes provide evidence in support of a multistep exchange mechanism for 
conformational transitions, rather than the synchronous conversion of metalla- 
tranes in solution. 

The study of the structure of metallatranes (I) has been the subject of a large number 
of publications (see reviews [1-4]). However, the processes associated with the intramolec- 
ular dynamics of these compounds have not been adequately studied [5]. Metallatranes may be 
described as a transitional class of compounds between derivatives of bicyclo[3.3.3]undecane 
(If) and tricyclo[3.3.3.0]undecane (Ill) (the latter are also called [3.3.3]propellanes). 
Therefore, the conformational properties of compounds I, on the one hand, and compounds II 
and III, on the other hand, should have much in common. 
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In fact, data from x-ray structural analysis [6-9], NM.~R [10-13], and calculations [7] 
attest to the fact that compounds II and !II, as well as metallatranes [1-4], exist in a 
conformation of the "triskelion" type [14] (Fig. i). Rapid (on the NMR time scale) exchange 
between enantiomeric conformations A and A' is observed at room temperature in solutions of 
both metallatranes and derivatives of types II and III. However, it has been demonstrated 
by theoretical [15] and experimental [13] methods in the case of II and III that the exchange 
between conformations A and A' takes place according to a multistep exchange mechanism, which 
includes conformations of types B and B' as transition states. At the same time, a syn- 
chronous exchange mechanism, which prohibits transitional conformations B and B', has been 
postulated for I [5]. The explanation of the fact that the evidence of the conformational 
transitions in the NMR spectra of metallatranes does not vanish upon freezing on the basis 
of a synchronous conversion mechanism in [16] is also unsubstantiated, since it is known 
[14, 15] that in polycyclic systems synchronous processes are, conversely, characterized by 
a sharp increase in the barrier to interconversion. 

In order to clarify the above contradictions, we preliminarily [17, 18] studied the ~H 
NMR spectra of asymmetric metallatrane derivatives IV (Table i). In this case, the protons 
of the OCH=CH2N fragments form a nondegenerate four-spin system of the ABXY type, which makes 
it possible to study the conformational properties of IVa in solution in greater detail. 
From Fig. 2 it is seen that the exchange between equally populated enantiomeric conformations 
A and A' results in the averaging of the vicinal spin-spin coupling constants of the protons. 
Therefore, the absence of the averaging of these spin-spin coupling constants in the case of 
derivative IVc and, to a lesser extent, in the case of IVb and IVa, may be attributed to the 
occurrence of unequally populated conformations of types B and C in the solutions [19]: 

Ap=lOA/tram ' (1) 
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Fig. i. Multistep mechanism of exchange between enantiomeric 
triskelion-type conformations A and A' in bicyclo[3.3.3]unde- 
cane. 

Fig. 2. 
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Conformational transitions in asymmetric analogs of 
metallotranes. 

where ~Jtrans = J~,~ -- J2,3, and &p is the difference between the populations of conforma- 
tions B and C (in %). At the same time, using the "R-factor" method [20, 21], we calculated 
the values of the dihedral angle @ ON formed by the O-C--C and C--C--N planes. A comparison of 
the data obtained (Table i) shows that Ap decreases as ~ ON decreases. This finding is 
readily attributed to the decrease in the inequivalence of the conformational energies of 
B and C as the five-membered rings are flattened. It should be noted that a decrease in 
&p does not by any means attest to a decrease in the populations of conformations B and C 
and that it only points out the equalization of their content. This is indicated, in partic- 
ular, by the nearly statistical ratio between the diastereomers of the 3,7-dimethyl and 
3,7,10-trimethyl derivatives of silatrane and germatrane [5, 22]. 

The approach just described to the problem under consideration was recently subjected 
to a critical review [23], since the absence of averaging of the vicinal spirt-spin coupling 
constants may be attributed to the anisochronism of the protons in the OCH=CH2N fragments. 
It should, nevertheless, be noted that chemical anisochronism is specifically a consequence 
of unequal populating of rotamers and that "pure" magnetic anisochronicity is encountered 
extremely rarely and only in rigidly immobilized systems [24]. 

-~ 7 o--ml / 

R=CH 3. Cal l  5 

For the purpose of obtaining additional evidence in support of the multistep mechanism 
of exchange, we studied the structures of 1,3,7,10-tetramethylsilatrane (VI) and l-phenyl- 
3,7,10-trimethy!silatrane (VII) in solution. It was previously postulated [23, 25] that in 
the RRS (or SSR) diastereomer one of the C-methyl groups is oriented predominantly in the 
axial direction (conformation Via), since in the case of equatorial orientations for all the 
methyl groups, the compound should have conformation V!c, which is forbidden according to 
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TABLE i. 
0CH=CH=N Fragments in Metallatranes IVa-c* 

~ o m -  
pound* ' 

IVa 

IVb 
IVC 

Si CH3 
CH~=CH 
C6H5 
CH~CI 

Si CH3 
Ge CH3 

CH3 
Si CH3 

CH~ 

Spin-Spin Coupling Constants of the Protons of the 

Solvent 
IH,*H spin--spin coupling constants, Hz 

1,2 

- 12,67 
- 12,46 
- 12,48 
- 12,20 
- 1 2 , 6 1  

- 12,27 
- 12,49 
- 12,41 
- 1 2 , 4 2  

1,3 

4,66 
4,99 
4,92 
5,48 
4,94] 
4,90 
5,05 
5,35 
5,57 

1,4 2 ,3  

6,99 6,04 
6,85 6,12 
6,80 6,15 
6,53 6,17 
6,58 6,23 
6.36 5.48 
6.26 6,40 
6.22 6,49 
6,23 6,28 

2,4 3,4 

4,74 -- 11,32 
5 , 0 1  - -  1 1 , 3 2  

4,97 -- 11,27 
5,38 --11,10 
5,00 -- 11.26 
5,04 - l 1,31 
5,12 --10,94 
5,48 -- 11,45 
5,64 -II.0(] 

CDCI3 
CDCI3 
CDCI3 
CDCI3 
CDCI3 
CDCI3 

DMSO-d 6 
CDCIa 

DMSO-d 6 

9,5 50,9 
7,3 49,8 
6,5 49,9 
3,6 47,9 
3,5 49,6 
1,2 49,7 
1 , 4  4 9 , 0  
2,7 48,1 
0,5 47,1 

*The numbering of the protons is presented in Fig. 2. 
**IVa Z = OCOCH=, IVb Z = CH=CHuCH=, IVc Z = OCHaCH=CH=. 

the conception of synchronous conversion. Since the evidence of the conversion process in 
the NMR spectra of metallatranes does not vanish upon freezing, the question of whether there 
is an axial--equatorial equilibrium for the C-methyl groups or whether the corresponding ring 
is twisted along the C--C bond cannot be unequivocally resolved by analyzing the spin-spin 
coupling constants [25] or the 13C chemical shifts [23], i.e., all the arguments in this area 
are purely speculative. Therefore, we studied the nuclear Overhauser effect (NOE) with the 
use of the method of two-dimensional hq~R spectroscopy (NOESY). In the case of conformation 
VIc we may expect the appearance of a cross peak between the spatially approaching OCH pro- 
tons of neighboring rings, which, as a study of Dreiding models shows, cannot he observed 
in the case of conformation Via. Despite the fact that the conditions for the observation 
of the NOE are extremely unfavorable in the latter case (the strong multiplicity and the weak 
difference between the chemical shifts), this cross peak was found experimentally in the 
NOESY spectra of compounds VI and VII (Fig. 3). This unequivocally proves the existence of 
the RRS isomers of compounds VI and VII in conformation VIc and, therefore, proves that the 
conversion of the metallatranesproceeds according to amultistep exchangemechanism, rather than a 
synchronous mechanism. It should be noted that the system of cross peaks in the NOESY 
spectra permits the unequivocal assignment of the signals to three inequivalent semicycles 
in space (Table 2). 

EXPERIMENTAL 

The :H NMR spectra of compounds IV and VI were recorded on a Bruker WM-360 spectrometer 
(the working frequency was 360 MHz), and the diameter of the ampuls was 5 mm. The solvent 
(CDCI3) was dried over molecular sieves 4 ~. The solutions were purged by argon before 
measurement of the NOE. The spin--spin coupling constants for the OCH2CH=N fragments were 
obtained by iteration analysis of the spectrum (an ABXY system) with the use of the P~qC 
program. The mean-square (~MS) deviation did not exceed 0.05 Hz. 

The NOESY spectra were obtained with the use of a three-pulse (90~176176 
sequence and a mixing time ~m = 0.8 sec. The time T m was allowed to vary randomly over the 
course of the experiment in a 10% range in order to suppress the coherent transfer of mag- 
netization. Here t: and t= are the periods of evolution and observation of the signals. A 
data matrix containing 256 • 1024 points was broad up to the dimensions 512 • 1024, which 
correspond to a resolution of 2.4 Hz per point. Before Fourier transformation, the data 

matrix was multiplied in the t, and t= directions by the functions sin[t~I~-~)+~| (for 
1 

t h e  t :  d i r e c t i o n ) a n d  s i n 2 [ t ~ ( ~ - ~ ) + ~ ]  ( f o r  t h e  t =  d i r e c t i o n ) ,  w h e r e  t S z  a n d  t S a  w e r e  c h o s e n  
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Fig. 3. NOESY spectrum of the RRS di- 
astereomer of 1,3,7,10-tetramethylsila- 
trane in CDCI3 at 303~ The arrows 
point out the cross peaks which attest 
to the spatial approach of the OCH 
protons of the a and y semieycles. The 
assignment of the signals is indicated 
in the upper part of the figure. 

TABLE 2. Chemical Shifts of the Protons 
in l-R-3,7,10-Trimethylsilatranes VI and 
VII at 303~ 

Com-  
pound R 

Vl CH~** RRR 
RRS (~) 

(8) 
(Y) 

VII C~H~*** RRR 
RRS (o0 

(V) 

I 6, ppm' 

Is~ OCH [NCH~ 

3,73 
3,98 
3.76 
3,82 
3,81 
4,01 
3,85 
3,87 

NCH a CCH3 

2.64 2,06 1,03 
2,77 2,49 1,08 
2,82 2,14 1,04 
2,69 2,15 1,02 
2,81 2,22 0,99 
2,97 2.63 1,07 
3,03 2,24 1.0[ 
2,88 2,29 0,97 

*Compound VI in CDCI3 and compound Vll in 
(CD3)2C0. 
**In the case of RRR, ~ (SiCH3) = --0.22 ppm; 
in the case of RRS, ~(SiCH3) = --0.19 ppm. 
***6(Ho) = 7.50 ppm, ~(Hm,p) = 6.95 ppm. 

in such a manner that the functions would take on zero values for the last experimental 
points in both directions. The phase shifts ~ in the tz and t2 directions were ~/16 and ~/4. 
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