
Russian Chemical Bulletin, VoL 45, No. 9, September, 1996 2127 

NMR study of the sigmatropic [1,3]-B shift in 
7,8- dipropyi- 7- borabicyclo [4.2.2 ] deca- 2,4,9- triene 
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Activation parameters of the interconversion of geometric isomers 6a and 6b were 
determined by a complete lineshape analysis of the temperature-dependent t3C NMR 
spectra of 7,8-dipropyl-7-borabicyclo[4.2.2]deca-2,4,9-triene (6). For the reaction 6a --+ 6b, 
AG*29 s = 52.2+0.1 kJ mol - I ,  A/P = 27.9:1:0.5 kJ mol -I ,  AS ~ = -82+8 J mol -I K-t;  For 
the reaction 6b --~ 6a, AG~298 = 52.6+0.1 kJ mol - I ,  A/P = 24.7+0.5 kJ mol - t ,  AS ~ = 
--93+ 10 J mol -I  K -I .  The interconversion of deuteropyridine complexes 9a and 9b proceeds 
via their dissociation, which indicates that the rearrangement of borane 6 occurs according to 
the [I,31-B shift mechanism. 
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Numerous  thermal  and photochemical  rearrange- 
ments of  hydrocarbons o f  the group (CH)10 were studied 
in detail  about  20 years ago. I Thus, the degenerate 
rearrangement  occurr ing via te tracycl ic  compound  2 
( Sc heme  !) is cha rac te r i s t i c  o f  b i eyc lo [4 .2 .2 ldeca -  
2 ,4 ,7 ,9- te t raene (1) at high temperatures  (see Ref. 2). 
Photolysis of  te t raene 1 at room tempera ture  results in 
bullvalene 3 which can be t ransformed into isobullvalene 
4 (see Scheme 1) under  certain condit ions,  t The che-  
moselect ivi ty of  reactions o f  this type 3 is in good agree- 
ment  with the conservat ion rules o f  orbital  symmetry.  

Recently 4 -6  we established that the main product  of  
the rearrangement of  cyclononatetraenyl(dipropyl)borane 
(5) at room temperature  is 7 ,8 -d ipropyl -7-borab ieye-  
lo[4.2.2]deca-2,4,9- t r iene (6), which can be considered 
to be a boron-con ta in ing  analog o f  hydrocarbon 1 
(Scheme 2). This analogy was unambiguously confirmed 6 
in studies on the chemical  t ransformations of  compound  
6. Trea tment  o f  the latter with methanol  or  ace tone  gave 
products considerably differing in the structure of the 
carbon framework. This work is dedicated to s tudying the 
dynamic  propert ies  of  triene 6. 
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Table 1. Parameters of the NMR spectra (6) of compounds 6a,b and 9a,b 

Atom 6a 6b 9a 9b 
S ~H 8 ~3C c5 tH ~ ~3C 6 tH 6 13C ~ ~H 5 ~3C 

C(I), H(I) 2.51 35.9 2.87 34.5 2.95 39.21 2.51 44.25 
C(2), H(2) 6.02 142.1 5.83 140.9 5.98 137.19 6.42 142.20 
C(3), H(3) 5.42 122.4 5.46 123.3 5.65 127.23 5.70 123.75 
C(4), H(4) 5.72 128.4 5.66 128.5 5.65 126.82 5.60 127.15 
C(5), H(5) 5.60 133.4 5.71 133.7 6.40 144.68 6.15 145.55 
C(6), H(6) 2.79 36.8 2.77 36.3 2.23 36.07 2.25 36.95 
C(8), H(8) 0.89 43.1 1.37 38.4 0.89 31.90 1.86 38.09 
C(9), H(9) 5.65 128.3 5.95 130.8 6.12 128.64 6.22 130.63 
C(10), H(10) 5.45 123.5 5.49 123.9 6.51 131.38 5.65 126.94 

The temperature dependences of the IH and 
13C NMR spectra of compound 6 (Figs. 1 and 2) are 
evidence that this compound has dynamic properties, 
However, the exchange mechanism can not be drawn 
directly from temperature dependences. To this end, 
low-temperature two-dimensional NMR spectroscopy 
experiments were needed. The assignment of signals in 
the NMR spectra of both isomers (Table 1) was based 
on their two-dimensional I H - I H  COSY spectra and the 
IH-13C correlation obtained at - 70  °C. The cross- 
peaks observed in the two-dimensional 13C-13C EXSY 
spectra of compound 6 at the same temperature (Fig. 3) 
unambiguously correspond to the reversible intercon- 
version of two geometric isomers 6a and 6b (Scheme 3). 
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To determine the activation parameters of the 
6a _--" 6b rearrangement, we carried out a complete 
lineshape analysis for 15 temperature-dependent  
13C NMR spectra following the previously described 
procedure 7 of iterating all experimental spectra. In prin- 
ciple, all 15 pairs of signals can be used in calculations. 
However, for several reasons (strong temperature de- 
pendence of the line width, overlapping of several sig- 
nals, a limited number of points) only the five most 
appropriate pairs of signals were chosen. Experimental 
and calculated spectra are presented in Fig. 4. 

The following activation parameters of the rear- 
rangement were obtained: for the reaction 6a --+ 6b, 
AG~298 = 52.2+0.1 kJ mol -I ,  A/-/~ = 27.9+0.5 kJ mol -I,  
AS ~ = --82_+8 J mol -I K-t; for the reaction 6b ~ 6a, 
AG~298 = 52.6_+0.1 kJ mol -I ,  A/-P = 24.7+0.5 kJ mol -I ,  
AS ~ = - 9 3 - + 1 0 J  mol -I  K -I. 

Two possible mechanisms of the rearrangement ob- 
served can be considered. The most evident path of the 
6a ~ 6b interconversion is the [I,31-B shift which 
is always observed for allylic type triorganoboranes, s The 
first [I,3I-B shift transforms compound 6a into 6b while 
the second one leads to the reverse reaction (see 
Scheme 2). However, the above-mentioned similarity 
between borane 6 and hydrocarbon 1 allows one to 
assume that the interconversion of isomers 6a and 6b 
proceeds analogously to the degenerate rearrangement 
in compound 1 (see Scheme 1), which includes the 
intermediate formation of tetracyclic borane 7 
(Scheme 4). This mechanism is supported by the ap- 
pearance of  vinyl borane 8 when compound 6 is heated 
to 100 *C for 1 h. 4,6 The latter reaction likely proceeds 
via the intermediate formation of tetracyele 7. Com- 
pound 8 can also be obtained after prolonged ageing of 
borane 6 at room temperature, which is evidence for the 
presence of a small equilibrium amount of tetracyclic 
product 7 (see Scheme 4). 
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To choose between the two possible mechanisms of 
the interconversion of isomers 6a and 6b, we studied 
the NMR spectra of 6 in deuteropyridine. As is known, 
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Fig. I. IH NMR spectra (400 MHz, CD2CI 2) of compound 6 at various temperatures: T/K = 183 (a), 243 (b), 303 (c), 343 (at), 
and 298 (e) after heating at 373 K for I h (mainly contains the signals of the thermolysis product 8). 

the boron a tom is coord ina ted  by amines saturating its 
2p-a tomic  orbitals  which makes the [I ,3]-B shift impos-  
sible. 8 The exper iments  showed that two sets of  signals 
cor responding to two different complexes with deutero-  
pyridine, 9a and 9b, are observed in the I H and 
13C N MR spectra o f  compound  6 in deuteropyridine.  
At the same t ime,  four isomers, 9a - -d ,  can be formed 
(Scheme 5) because o f  the fact that the boron a tom in 

complexes  9 is te t racoordinated.  Using two-dimensional  
corre la t ion  N M R  spect roscopy,  we carr ied out the 
complete  assignment of  the signals in the spectra of  
two isomeric complexes 9a,b (see Table I). I H - I H  
EXSY experiments  at 298 K (Fig. 5) showed that an 
equil ibrium exists between isomers 9a and 9b analogous 
to that observed for free boranes 6a ,b  at low tempera-  
tures, i.e., complexes 9a and 9b differ in the configura-  
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Fig. 2. 13C NMR spectra (50 MHz, CD2C12) of compound 6 at various temperatures: T / K  = 203 (a), 223 (b), 243 (c), 273 (d), 
303 (e), and 323 (]). 

tion of  the C(8) a tom (the numerat ion of  atoms is given 
in Figs. 3--5).  

The fact that only signals of  complexes 9a and 9b 
(but not 9e and 9d) are observed in the N M R  spectra is 

likely associated with the relative the rmodynamic  insta- 
bility of  the complexes 9e and 9d, which is due to steric 
interaction between the pyridine cycle and the propyl 
group at the C(8) atom. 
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Fig. 3, 13C--r3C EXSY NMR spectrum (100 MHz, CD2CJ 2) of compound 6 at 203 K. The size of the experimental spectrum is 
1024×512; after Fourier transformation it is 1024× 1024; mixing duration is 0,3 s. Cross-peaks 5(6a)--5(6b) and 3(6b)--10(6a) as 
welJ as certain cross-peaks between the propyl group signals of 6a and 6b are not resolved from the diagonal peaks. Upfield cross- 
peaks not mentioned above are related to intersignal exchange between the propyl groups in isomers 6a and 6b. 
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The 9a ~ 9b transformation (as well as the reverse 
reaction) proceeds via three successive steps: dissocia- 
tion of the complex with isolation of the corresponding 
free borane 6a, the 6a ~ 6b rearrangement, and finally, 
formation of complex 9b. It is obvious that the rate of 
the whole transformation is limited by the first step 
(dissociation of complex 9a with the formation of 6a), 
since the rate of the second step at 298 K must be fairly 
high as it results in the appearance of an averaged NMR 
spectrum (see above). At the same time, the rate of the 
third step is much higher than the dissociation rate (at 
least by a factor of several tens since no signals of 

compound 6 are observed in the NMR spectra, and 
taking into account the sensitivity of the method, the 
constant of the complex stability K = k l / k  3 > 20). 

Thus, one can draw the conclusion that the rear- 
rangement that changes the configuration of the C(8) 
atom proceeds only in the case of free borane 6 and 
is not observed for the pyridine complex 9. Therefore, 
the presence of an unoccupied orbital at the boron atom 
is of fundamental importance in the interconversion 
of isomers, which points to the fact that the rearran- 
gement of compound 6 follows the [I,31-B shift me- 
chanism. 
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Fig. 5. IH- - IH EXSY NMR spectrum (400 MHz, pyridine-ds) of complex 9 at 298 K. The size of the experimental spectrum is 
1024x512; after Fourier transformation it is 1024x 1024; mixing duration is I s. Cross-peaks 5(9a)--5(9b) and 3(9a)--10(9b) are 
t~ot resolved from the diagonal peaks. Upfield cross-peaks not mentioned above are related to the intersignal exchange between the 
propyl groups in isomers 9a and 9b. 
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(66-*298 = 52 to 54 kJ mol -I  and 62 to 77 kJ m o l - I ,  9 
respectively). Therefore,  one can state that the presence 
of  an alkyl substi tuent at the a -pos i t i on  of  an allylic type 
t r iorganoborane leads to an appreciable  accelerat ion of  
the [I ,31-B shift. 

It should be noted that the [ I ,3 ] -B  shift is not the 
only dynamic  process proceeding in the molecule  of  
borane 6. The chemical  reactions o f  this compound  are 
evidence that  it has much more compl ica ted  dynamic  
properties.  The  selective formation o f  products  funda- 
mental ly differing in their  carbon frameworks in reac- 
tions of  the triene 6 with methanol  (only carbinol  15 is 
obtained)  and acetone (diol 16 is the only product)  as 
well as in thermolysis  (only compound  17 is obtained)  
points to the fact that borane 6 reversibly coexists with 
the minor  tautomeric  forms 8, 12--14  (Scheme 7). 6 
However, our  a t tempts  at direct  de tec t ion  of  these com-  
pounds in the N M R  spectra o f  borane 6 failed. This 
might be explained by a relatively high the rmodynamic  
stability o f  compound  6 (which was a l ready ment ioned 
above) as compared  to o ther  valent tautomers .  

Experimental 

It is of  interest that  the activation barr ier  of  the 
[I ,31-B shift in the bicyclic allylic type t r iorganoborane 
6 (measured in the present work) virtually coincides 
with the act ivat ion barriers of  [ I ,3 ] -B shift in molecules 
10 and 11, which also contain an ct-alkyl substi tuent 9,1° 
(Scheme 6). The activation barriers for all three com-  
pounds  (6, 10, and 11) are substantial ly lower than 
those for nonbranched  (at the a -pos i t ion)  al lylboranes 

All experiments were carded out under an atmosphere of 
dry argon using absolute solvents. The synthesis of compound 
6 has been described previously. 4,5 The NMR spectra were 
recorded on Broker AC-200P and AMX-400 spectrometers. 

To analyze the lineshape, the corresponding intervals were 
chosen from the experimental 13C NMR spectra of compound 
6 at various temperatures, and the number of points was 
reduced in such a way that each spectrum used in calculations 
contained no more than l K points. 
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A standard NOESYPH procedure modified for proton 
decoupling spectra was used to obtain the 13C--13C 
EXSY NMR spectra. 
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of  the Russian Foundat ion  for Basic Research (Project 
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