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divided by the number of H electrons that fill the levels 
resulting from the difference of the HMO energy levels and 
the levels resulting from the matching (acyclic) polynomial 
of a molecular graph. Thus, the index TRE(PE) is ob- 
tained by measuring the aromaticity that results from the 
4n + 2 rule with respect to the number of ?r electrons. The 
TRE method is straightforwardly applied to closed-shell 
charged and to open-shell neutral and charged conjugated 
compounds. In almost all cases the TRE method classifies 
species according to their chemical characteristics. Used 
with no refinemenLcc, the TRE method is generally ap- 
plicable to any conjugated ion, radical, or ion radical. In 
some cases the agreement between the predictions based 
upon the calculated TRE values and the actual experi- 
mental properties is not properly quantified; an in-depth 
analysis reveals as main causes of the disagreement an 
incomplete conjugation, a time-dependent nonplanarity, 
and medium effects. Simple refinements are easily ap- 
plicable to the TRE method and result in a simple, com- 
plete method generally applicable to conjugated species 
be they neutral closed shell, neutral open shell, or charged, 
both closed and open shell. 
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The I3C NMR spectra of the interaction of 9-borabicyclo[3.3.1]nonane (9-BBN) with two series of amines, 
involving regularly increasing steric requirements, were used to study the role of steric strains as a factor in the 
stability of addition compounds formed and their exchange with the amine. A set of pyridine bases, including 
pyridine and 2-methyl-, 2-ethyl-, 2-isopropyl-, and 2-tert-butylpyridines, and a set of aliphatic amines, including 
n-propylamine, isopropylamine, diethylamine, diisopropylamine, and triethylamine, with increasing steric re- 
quirements were selected for examination. Quinuclidine was also selected, as a base of relatively low steric 
requirements, for comparison with triethylamine, a base with very large steric requirements. The results reveal 
four types of behavior: formation of stable complexes with no observable exchange with excess amine; formation 
of stable complexes with rapid exchange of amine; formation of partially dissociated complexes with rapid exchange; 
and no detectable interaction of 9-BBN and amines of large steric requirements. In general, there is a regular 
progression along these four types of behavior with increasing steric requirements in both series of amines. Thus, 
triethylamine fails to show any interaction with 9-BBN, whereas quinuclidine forms a stable adduct which does 
not exchange with excess amine. 13C NMR provides a valuable tool for exploring the role of such steric effects 
in the formation and stability of molecular addition compounds. 

It was previously observed that the complex of pyridine 
(Py) with 9-borabicyclo[3.3.1]nonane (9-BBN), Pyg-BBN, 
exhibits an unusual 13C NMR spectrum.2 The two halves 
of the cyclooctyl ring of 9-BBN are different. Also, rapid 

exchange with excess free pyridine does not occur. 
Therefore, it was of interest to examine how these spectral 
characteristics would change with increasing steric re- 
quirements of the baseS3p4 Two series of bases with in- 
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Figure 1. 13C NMR spectra of solutions of 9-BBN with 100% excess pyridines in CDC13. Carbons bearing a “prime” notation refer 
to uncomplexed pyridine base and 9-BBN dimer. 

creasing steric requirements were selected for study: (a) 
pyridine bases, including pyridine and 2-methyl- (2-MePy), 
2-ethyl- (2-EtPy), 2-isopropyl- (2-i-PrPy), and 2-tert-bu- 
tylpyridines (2-t-BuPy); and (b) aliphatic amines, including 
n-propylamine (n-PrNH,), isopropylamine (i-PrNH,), 
diethylamine (EbNH), diisopropylamine (i-Pr,NH), and 
triethylamine (Et3N). Quinuclidine (QN), a base with 
relatively low steric  requirement^,^ was also selected for 
comparison with triethylamine. 

Results and Discussion 
The 13C NMR samples were prepared by adding 4.0 

mmol of each amine (100% excess) to a 2.0-mL solution 
of 9-BBN dimer (9-BBN)t (0.50 M, 1.0 mmol) in CDCIS. 
Thus, in cases where the formation of the complex pro- 
ceeds to completion, the solution contains equimolar 
quantitites of the complex and the free amine. After the 
equilibrium between (9-BBN), and the amine had been 
established, the proton-decoupled 13C NMR spectra were 
recorded. 

In the case of less sterically hindered amines, such as 
pyridine and n-PrNH2, the 13C NMR spectra for the re- 
action mixtures Py-9-BBN + Py and n-PrNH2.9-BBN + 
n-PrNH2 cleanly establish that there are ten different 
carbons in the solution (Figure 1) for each of these two 
amines. This can be accounted for on the basis that the 
rate of exchange between the amine coordinated with 9- 
BBN and the free amine is slower than the 13C NMR time 
scale.’ Therefore, in the solution of Py9-BBN + Py, three 

(4) Brown, H. C.; Wang, K. K. R e d .  Trau. Chim. Pays-Bas 1979,98, 

(5) Brown, H. C.; Sujishi, S. J. Am. Chem. SOC. 1948, 70, 2878. 
(6) Brown, H. C.; Knights, E. F.; Scouten, C. G. J. Am. Chem. Soc. 

(7) For a general review see: Becker, E. D. “High Resolution N M R ;  

117. 

1974, 96,7765. 

Academic Press: New York, 1969. 

different carbon atoms are observed for the pyridine co- 
ordinated with 9-BBN (1) and three for the free pyridine 
(2). 

1 

In addition, there are four different carbon atoms (C-2,4, 
C-6,8, (3-3, C-7) (1) on the cyclooctyl ring of 9-BBN. 
Signals for C-1 and C-5 are too broad to be seen due to 
the quadrupole effect of the adjacent boron atom. Con- 
sequently, the spectrum reveals ten distinct peaks for ten 
different carbon atoms. 

If there were a rapid exchange between the Py9-BBN 
and the free pyridine base, only five distinct peaks for five 
types of carbon atoms would be observed, three from the 
averaged pyridine carbon atoms and two from the cyclo- 
octyl ring (C-2,4,6,8 and C-3,7) of 9-BBN. 

The existence of ten different carbons in the solution 
of n-PrNH2.9-BBN + n-PrNH, can be accounted for sim- 
ilarly (3 and 4). Here also, rapid exchange between the 

I 2 3  

H NHzCHzCHzCH3 I 2 3  \8/ H z N C H ~ C H ~ C H ~  

4 

7 3 

3 

free n-PrNH, and n-PrNH2.9-BBN would simplify the 
observed spectrum to show only five peaks, three for the 
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averaged absorption for n-PrNH2 and two for the 
“symmetrical” 9-BBN ring moiety. 

Increasing steric requirements in the pyridine base series 
and the aliphatic amine series result in a progressive 
change of the 13C NMR spectra observed for the related 
complexes with 9-BBN. This phenomenon is closely re- 
lated to the early studies of the stability of molecular 
addition compoundls of borane, boron trifluoride, and 
trimethylborane wiith the present selected pyridine base 
series and the aliphatic amine series which first provided 
clear evidence for the importance of the steric require- 
ments of the amine on such ~tability.~ More recent studies 
of the extent of dissociation of molecular addition com- 
pounds of 9-BBN wiith these two series of amines utilizing 
IR spectroscopy have paralleled closely earlier  result^.^ 

With 2-MePy, 9% dissociation was observed at equi- 
librium for the addition compound, 2-MePy.9-BBN (0.13 
M in cyclohexane solvent at 25 0C).4 In the present case, 
the formation of thle addition compound of 9-BBN with 
2-MePy is essentially complete (eq 1) due to the presence 

4(2-MePy) + (9-BElN)2 - 
100% excess 

2(2-MePy.9-BBN) + 2(2-MePy) (1) 
100% at equilibrium 

of 100% excess 2-PvlePy and the higher concentration. 
13C NMR peaks of the 9-BBN dimer are completely 

absent from the spectrum of the 2-MePy.9-BBN + 2-MePy 
solution (Figure 1). However, unlike the solution of 
Py.9-BBN + Py, which also forms a completely associated 
adduct, the 13C NMR spectrum of 2-MePy.9-BBN + 2- 
MePy exhibits ver:y different characteristics. The 13C 
NMR signals of the aromatic carbons on the pyridine rings 
are broadened, and coalescence of the 2-MePy coordinated 
with 9-BBN and the free 2-MePy is observed (Figure 1). 
C-2,4 and C-6,8 on the cyclooctyl ring of 9-BBN are also 
broadened, whereas3 C-3 and C-7 coalesce. 

As the 2-alkyl group is changed from Me to Et  to i-Pr, 
the earlier study shiowed that the extent of dissociation 
increases to 41% with 2-EtPy and to 74% with 2 - i - P r P ~ . ~  
These enhanced dissociations are reflected in the present 
13C NMR spectra. Two additional peaks in the solution 
of 2-EtPy.9-BBN i- 2-EtPy and 2-i-PrPy.9-BBN + 2-i- 
PrPy are observed (Figure 1). These peaks appear a t  the 
precise absorptions ,shown by free 9-BBN dimer (C-2,4,6,8 
and C-3,7) ( 5 )  in the solvent. Consequently, in the case 

5 

of these two compounds, in contrast to the behavior of the 
corresponding system of 2-MePy.9-BBN + 2-MePy, there 
is considerable dissociation of the addition compound, even 
in the presence of excess 2-EtPy and 2-i-PrPy. Moreover, 
the spectrum establishes that any exchange of such free 
9-BBN dimer with the addition compounds must be slow 
on the NMR time scale. 

In spite of the presence of uncoordinated 9-BBN dimer, 
the spectra of the solutions of 2-EtPy.9-BBN + 2-EtPy and 
2-i-PrPy.9-BBN + 2-i-PrPy resemble closely that of the 
solution of 2-MePy.9-BBN + 2-MePy. The aromatic 
carbons on the pyridine rings of 2-EtPy and 2-i-PrPy co- 
ordinated with 9-BI3N and free 2-EtPy and 2-i-PrPy not 
only coalesce but also are increasingly sharpened (Figure 
1). The peaks attriibuted to C-2,4 and C-6,8 of the cyclo- 
octyl ring of 9-BBN are further broadened in the solution 

ce I I  

Figure 2. 13C NMR spectrum for the solution of (9-BBN)2 + 
2-t-BuPy (100% excess) for formation of complex in CDC13. 
Chemical shifts for isolated pure 2-t-BuPy and (9-BBN)* are given 
at the top of the diagram. 

of 2-EtPy.9-BBN + 2-EtPy and finally coalesce in the 
solution of 2-i-PrPy.9-BBN + 2-i-PrPy. 

Finally, in the solution of 2-t-BuPy.9-BBN + 2-t-BuPy 
only free 2-t-BuPy and uncoordinated 9-BBN dimer are 
observed (Figure 2). The 13C NMR chemical shifts for 
both 2-t-BuPy and the 9-BBN dimer in the solution appear 
virtually unaffected from those for the isolated compo- 
nents. This is also consistent with our previous observation 
that 2-t-BuPy (0.13 M) does not exhibit any association 
with 9-BBN dimer (0.065 M) in cyclohexane solvent at 25 
0c.4 

The progressive change of the 13C NMR spectra of the 
pyridine series can be accounted for simply in terms of the 
increasing steric requirements for these bases from pyri- 
dine through 2 - t - B ~ P y . ~  Pyridine forms a highly stable 
addition compound with 9-BBN, attributed to its relatively 
small steric requirements. Therefore, the rate of disso- 
ciation (eq 2) is slower than the 13C NMR time scale and 
it exhibits no exchange phenomena. 

9-BBNaamine 9-BBN + amine (2) 
In the solution of 2-MePy.9-BBN + 2-MePy, the pres- 

ence of excess 2-MePy shifts the equilibrium toward the 
right side of eq 1 and the formation of addition compound 
is essentially complete. However, the steric strains arising 
from the interaction of the 2-Me substituent with the 
9-BBN moiety results in a small amount of rapid disso- 
ciation of the 2-MePy.9-BBN complex (eq 2), sufficient 
to permit exchange with the excess amine. Therefore, only 
averaged 13C NMR signals are observed for the 2-MePy 
coordinated with 9-BBN and the free 2-MePy. The un- 
symmetrical nature of the cyclooctyl ring of 9-BBN also 
starts to vanish. 

The rate of exchange increases as the 2-alkyl group is 
changed from Me to Et  to i-Pr, attributed to even larger 
steric strains in the latter two derivatives. Consequently, 
sharpened pyridine ring carbons from the averaged signals 
of the pyridine derivative coordinated with 9-BBN and the 
free amine are observed. The cyclooctyl ring carbons of 
9-BBN are further broadened. In addition, the steric 
strains in these two cases are sufficiently large so that there 
occurs sufficient dissociation at  equilibrium so as to be 
detectable, even in the presence of the excess base (eq 3). 

2amine + (9-BBN)2 B(arnine.9-BBN) (3) 

This results in the presence in the spectra of two additional 
peaks from the free 9-BBN dimer. It is consistent with 
this interpretation that the peaks for the 9-BBN dimer are 
larger in the solution of 2-i-PrPy.9-BBN + 2-i-PrPy than 
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in the 2-EtPy system (Figure 1). 
As was pointed out earlier, the spectra of the solutions 

of 2-EtPy.9-BBN + 2-EtPy and 2-i-PrPy.9-BBN + 2-i- 
PrPy establish that the 9-BBN dimer does not undergo 
rapid exchange with the pyridine adducts. On the basis 
of our kinetic s t u d i e ~ , ~ ~ ~  this is not unexpected. Just as 
the reaction of olefins with (9-BBN)2 proceeds through a 
prior dissociation to monomer, we have observed that the 
reaction of 2-EtPy and 2-i-PrPy with (9-BBN)z proceeds 
through a similar prior dissociation of the dimer, followed 
by reaction of t,he monomer with the amineg (eq 4 and 5). 

(9-BBN)z + 2(9-BBN) (4) 

amine + 9-BBN - amine.9-BBN (5) 

The rate of dissociation of 9-BBN dimer (eq 4) is far slower 
than the 13C NMR time scale measured here. 

It was previously pointed out that the steric require- 
ments of 2-EtPy and 2-i-PrPy are only modestly larger 
than those for 2-MePy.lo The 2-Et and 2-i-Pr groups can 
rotate in such a way as to reduce their steric interactions 
with the group adding to the nitrogen atom. However, the 
2-t-Bu group is spherically symmetrical. It cannot reduce 
the steric interactions by mere rotation. Consequently, 
it exhibits far larger steric effects than do the corre- 
sponding 2-Et and 2-i-Pr derivatives.1° This large steric 
interaction is again observed in the present study. The 
13C NMR spectrum for the solution of 2-t-BuPy9-BBN + 2-t-BuPy exhibits only free 9-BBN dimer and free 2-t- 
BuPy (Figure 2). Presumably, the steric strain is now so 
large that essentially no complexation  occur^.^ 

In the series of aliphatic amines, similar progressive 
changes in the 13C NMR spectra are observed. i-PrNH2 
is a base of considerably larger steric requirements than 
n-PrNHz." However, in the present case we observe 
simiiar behavior for both n-PrNHz.9-BBN + n-PrNHz and 
i-PrNH2.9-BBN + i-PrNHz. The latter solution exhibits 
both fully coordinated 9-BBN adduct and the free amine. 
The two halves of the cyclooctyl ring of 9-BBN are dif- 
ferent. Consequently, there is no NMR evidence for ex- 
change. Presumably, the steric strains in the i-PrNH2.9- 
BBN complex are not large enough to cause significant 
dissociation. 

In the case of Et2", complete association was previ- 
ously observed for the addition compound Et2NH.9-BBN 
(0.13 M in cyclohexane solvent at 25 0C).4 In the present 
case, the formation of the addition compound of 9-BBN 
with EhNH is also essentially complete. 13C NMR peaks 
for the 9-BBN dimer are completely absent. Moreover, 
the two halves of the cyclooctane ring system are distinct 
and there is no evidence for exchange in the system. On 
the other hand, exchange phenomena are observed in the 
solution of i-PrzNH.9-BBN + i-Pr2NH. In addition, the 
spectrum reveals two additional peaks attributed to the 
presence of uncoordinated 9-BBN dimer, as in the case of 
2-EtPy and 2-i-PrPy. Clearly, the large steric strain in the 
i-PrzNH.9-BBN complex results in a faster rate of disso- 
ciation, even with excess amine p r e ~ e n t . ~  

It would have been interesting to observe a case in the 
aliphatic system comparable to the behavior of the 2- 
MePy.9-BBN + 2-MePy system, namely, 100% association 
with rapid exchange. Presumably, such behavior would 

J. Org. Chem., Vol. 45, No. 10, 1980 1751 

Table I. Summary of NMR Observations on the 
Interaction of 9-Borabicyclo[ 3 .3 .1  ] nonane 

with Representative Amines 

(8) Brown, H. C.; Scouten, C. G.; Wang, K. K. J .  Org. Chem. 1979,44, 

(9) Wang, K. K. Ph.D. Thesis, Purdue University, 1979. 
(10) Brown, H. C.; Gintis, D.; Domash, L. J.  Am. Chem. SOC. 1956, 78, 

(11) Brown, H. C.; Barbaras, G. K. J. Am. Chem. SOC. 1953, 75, 6. 

2589. 

5387. 

100% 
100% associated, 

associated, rapid 
no exchange exchange 

9. 2-MePy 

n-PrNH, 
i-PrNH, 
Et," 
Q N  

partially 
associated, 

rapid not  
exchange associated 

2-EtPy 2 - t - B ~ P y  
2-i-PrPy 

i-Pr,NH Et,N 

be achieved by an amine with steric requirements lying 
between those for Etz" and i-PrzNH. A possible can- 
didate would be Et-i-PrNH. However, we did not test this 
possibility. 

Finally, with the large steric requirements of E&N,12 only 
free 9-BBN dimer and free Et,N are observed in the so- 
lution. Presumably, like 2-t-BuPy, the steric strains are 
too large to permit detectable c~mplexation.~ 

It was earlier pointed out that the instability of the 
addition compound of Et3N with trimethylborane (Me3B) 
must be the result of very large steric requirements of the 
Et3N m~lecule ,~  with the three groups competing for the 
space required by the Me3B moiety. By tying the three 
ethyl groups back to a common carbon atom in the cage 
structure of quinuclidine, the stability of the Me3B adduct 
is greatly increased.6 The same phenomenon is observed 
here, with the QN-9-BBN complex exhibiting the same 
spectroscopic characteristics of the stable Py9-BBN and 
n-PrNH2.9-BBN adducts. QN8-BBN is a stable complex 
which shows no NMR evidence for any exchange with the 
excess amine. Thus, the simple change in structure from 
ESN to QN, reducing the steric requirements, brings about 
a major change in the nature of the interaction with 9- 
BBN, clearly revealed by the 13C NMR spectra. 

Conclusion 
The present study of the interaction of 9-borabicyclo- 

[3.3.l]nonane with the two families of amines reveals four 
types of behavior: (a) formation of stable complexes with 
no observable exchange with excess amine (Py, n-PrNH2, 
i-PrNH2, Etz", QN); (b) formation of stable complexes 
with rapid exchange of amine (2-MePy); (c) formation of 
partially dissociated complexes with rapid exchange (2- 
EtPy, 2-i-PrPy, i-PrzNH); and (d) no detectable interaction 
of the 9-BBN with the amine (2-t-BuPy, Et,N). These 
results are summarized in Table I. 

It is evident that in both families there is observed with 
increasing steric requirements of the amine a regular 
progression from (a) to (b) to (c) to (d). 

These results c o n f i i  the earlier studies of the stabilities 
of these addition compounds by the IR spectroscopic 
method previously utilized to establish the degree of as- 
~ociation.~ However, they provide considerable additional 
information about the exchange or lack of exchange in 
addition compounds that are completely associated under 
the experimental conditions. Consequently, the 13C NMR 
method separates these compounds into two separate 
classes, (a) and (b), providing a more sensitive probe into 
the effects of steric strains, even in systems whose asso- 
ciation is essentially complete. 

Although we did not explore temperature effects in the 
present study, it is evident that such studies would permit 
the determination of the coalescence temperature and 

(12) Brown, H. C.; Taylor, M. D. J .  Am. Chem. SOC. 1947, 69, 1332. 
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Table 11. 13C NMR Chemical Shift Data (ppm) for the Complexation of Representative Pyridine Bases with 9-BBN 
com- 

plexed 
or free amine 9-BBN" 

aminee C2,4,6,8 C3,7 amineb C 2  G3 G 4  C 5  C-6 C 2 a  G2P 
pyridine syn. 29.0 24.9 CA 145.7 125.3 138.8 

anti 35.1 25.3 FA 149.8 123.7 135.9 
IA 149.8 123.6 135.7 

2-MePy syn. 
anti 

2-EtPy syn. 
anti 

29'6 24.6 158.4 127.4 137.3 121.3 147.9 c 36.3 
IA 158.6 123.0 135.9 120.6 149.4 24.3 

30*3 24.6 ;;} 163.6 123.3 137.1 121.2 148.1 c 34.9 13.9 

(9-BBN),d 33.3 23.8 IA 163.4 121.8 136.1 120.7 149.1 31.4 13.8 
34.9 24.5 167.7 121.2 136.9 121.2 148.2 c 22.8 antl 

167.4 121.0 136.3 120.6 149.1 36.4 22.6 (B-BBN), 33.3 23.8 IA 
syn* t 

I. 

2-t-BuPy syn. CA 
anti FA 169.4 120.5 135.9 118.9 148.6 37.4 30.2 
(9-BBN), 33.3 23.9 IA 169.4 120.5 136.0 119.0 148.6 37.4 30.2 

" See ref 2 for the aasignments of the peaks. The complexed amine, the free amine, and.the isolated amine without the 
presence of SBBN are abbreviated CA, FA, and IA, respectively. 
broad to be seen. 
e Amine in amine.9-BBN or amine t 9-BBN. 

CA and FA in braces when rapid exchange occurs. Too 
The isolated (9-BBN), exhibits chemical shifts a t  33.4 ppm for C-2,4,6,8 and at 23.9 ppm for C-3,7. 

Table 111. 13C NMR Chemical Shift Data (ppm) for the Complexation of Representative Aliphatic Amines with 9-BBN 
9-BBN' complexed amine 

aminee C-2,4,6,8 C-3,7 or free amineb C-I (2-2 c- 3 
n-PrNH, SY", 30.2 24.8 

anti 34.5 25.9 

i-PrNH, SY". 30.3 24.8 
anti 34.5 25.8 

Et," SY". 30.4 24.8 
anti 34.8 25.7 

i-Pr NH SY n. 
antl 

30.3 
34.9 25.2 

( ~ - B B N ) , ~  33.4 23.9 

anti 33.4 24.0 
( ~ - B B N ) , ~  33.4 23.9 

QN syn 30.2 24.4 
anti 38.1 26.0 

Et,N SY". 

a-e See Table I1 for footnotes. 

would greatly expand the utility of 13C NMR spectroscopy 
in exploring the behavior of such addition compounds. 

Expermental Section 
Materials. All amines except QN were distilled from calcium 

hydride prior to use. QN, chloroform-d, and the crystallie 9-BBN 
dimer obtained from Aldrich were used directly. 

Methods. A typical example for obtaining the 13C NMR 
spectrum is as follows: .a 10-mm NMR tube was dried in an oven 
(140 OC, 4 h), capped with a rubber septum, and cooled to room 
temperature under a stream of dry nitrogen. A 2.0-mL aliquot 
of a 0.50 M solution of (9-BBN)2 in CDCIB (2.0 mmol of 9-BBN) 
was added to the tube via a syringe,13 followed by 0.32 mL of 
pyridine (4.0 mmol). Tetramethylsilane (0.30 mL) was then 
injected into the tube as an internal reference. 

The complete disappearance of 9-BBN dimer or the estab- 
lishment of the equilibrium with a more hindered amine was 
determined from the llB NMR spectra obtained with a Varian 
FT-8OA spectrometer. The proton-decoupled 13C NMR spectrum 
at the probe temperature was then recorded on the same Varian 
FTdOA spectrometer equipped with a broad-band probe.I4 The 

(13) Brown, H. C.; Kramer, G. W.; Levy, A. B.; Midland, M. M. 
"Organic Syntheses via Boranes"; Wiley-Interscience: New York, 1975; 
Chapter 9. 

CA 
FA 
IA 
CA 
FA 
IA 
CA 
FA 
IA 

FA CA I 
IA 
CA 
FA 
IA 
CA 
FA 
IA 

45.7 
44.2 
44.3 
46.0 
42.9 
42.8 
41.3 
44.0 
44.1 
45.7 
45.4 

46.6 
46.7 
51.3 
47.9 
47.9 

23.3 11.3 
27.0 11.3 
27.0 11.3 
23.0 
26.1 
26.2 
11.1 
15.4 
15.4 
22.6 
23.5 

11.9 
12.0 
25.1 20.6 
26.7 20.8 
26.9 20.9 

probe temperature was closely monitored and kept constant 
throughout the entire study. A sweep width of 5000 Hz and 8000 
data points were used. Pulses of 8 - j ~ ~  width were applied at about 
1-8 intervals. At the concentrations used, 1000-2000 pulses re- 
sulted in satisfactory signal intensity. 

The 13C NMR chemical shifts of all systems studied are sum- 
marized in Tables 11 and 111. The 13C NMR chemical shifts of 
C-2,6 in the pyridine derivatives are usually displaced to higher 
fields in the complexes. The 13C NMR signala for all other carbon 
atoms in these pyridine rings are usually displaced to lower fields. 
This is s i m i i  to that observed in the case of the pyridiium ion.16 
However, in contrast, the '% NMR chemical shifta at the a carbon 
(C-1) of aliphatic amines are usually displaced to lower fields. All 
other carbons are displaced to higher fields. This behavior is 
analogous to that observed in the case of the boron trihalide 
complexes with ethers.16 
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The gas-phase photodecarbonylation and photofragmentation reactions of substituted bicyclo[3.1.0]hexan-3-ones 
have been studied in detail. Photolysis of these ketones yields 1,3-dienes, vinylcyclopropanes, and 1,l-dienes 
as detectable products. The possible mechanisms for these reactions are discussed in light of the regiochemical 
and stereochemical results obtained. In addition, methyl substitution a t  C-6 and C-2 of these ketones has been 
shown to have a pronounced effect on both product ratios and overall reaction efficiency. These effects are discussed 
in terms of stereoelectronic and electronic controls of rates of cyclopropane ring opening of intermediate 
acylcyclopropylcarbinyl diradicals. 

Introduction 
Cyclopropyldicarbinyl diradicals (1) have been invoked 

Several years ago Hess and Pitkg noted that the major 
gas-phase photodecarbonylation reactions of bicyclo- 
[3.1.0]hexanone (5) generating 1,6pentadiene and vinyl- 

H ..Rl&.'-.H 

I \  
3 4 

and discussed as short-lived intermediates in transfor- 
mations of ground4 and excited5 states of polycyclic 
azoalkanes as well as in the familiar di-a-methane rear- 
rangements of singlet and triplet excited 1,4-dienesq6 
These studies have demonstrated that this diradical species 
can participate in one of two characteristic reaction 
pathways, Grob fragmentation producing l,4-dienes (1 - 
2)' and d i - r - m e h e t y p e  reactivity resulting in generation 
of vinylcyclopropanes through a one- (1 - 4) or two-step 
(1 - 3 - 4) process. Similar types of diradical species 
having oxygen in place of a carbinyl center have been 
discussed as reactive intermediates in oxa-di-?r-methane 
rearrangements.s 

(1) Previous accounta of this work have been presented at the 32nd 
and 33rd Southwest Regional American Chemical Society Meetings in 
Forth Worth, TX (19761, and Little Rock, AR (1977). 

(2) Camille and Henry Dreyfus Foundation Teacher-Scholar Awardee, 
1975-1980. 
(3) (a) Department of Chemistry, University of Maryland, College 

Park, MD 20742; (b) EIC Corporation, Newton, MA 02158. 
(4) J. A. Berson, S. S. O h ,  E. W. Petrillo, Jr., and P. Bickart, Tet- 

rahedron, 30, 1639 (1974). 
(5) H. E. Zimmerman, R. J. Boettcher, N. E. Buehler, G. E. Keck, and 

M. G. Steinmetz, J. Am. Chem. SOC., 98, 7680 (1976). 
(6) S. S. Hixson, P. S. Mariano, and H. E. Zimmerman, Chem. Reu., 

73, 531 (1973). 
(7) C. A. Grob, Angew. Chem., 81, 543 (1969). 

V R : l  0 

5, R,  = H; R, = H; R,  = H 
6en, R ,  = H; R, = CH,; R, = H 
6ex, R, = CH,; R, = H; R, = H 

7 , R ,  = CH,;R,  = CH,;R,  = H  
8, R, = H; R, = H; R, = CH, 

cyclopropane could be rationalized by invoking the in- 
termediacy of the parent cyclopropyldicarbinyl diradical 
(1). Although this mechanistic postulate remains specu- 
lative, it suggests that the gas-phase photochemistry of 
bicyclo[3.1.0]hexan-3-ones could potentially serve as a 
particularly useful method for generation of these dirad- 
icals. Our interest in this feature was stimulated by earlier 
studies'O which suggested that the stereochemical and 
regiochemical outcomes of nonconcerted di-a-methane 
rearrangements might be controlled by factors influencing 
the pathways chosen for conversion of 1 to vinylcyclo- 
propanes. As a result, we have embarked on an exploratory 
effort designed to gain information about both the mech- 
anism for photodecarbonylation of bicyclo[3.1.0]hexanones 
and perhaps the nature of pathways converting cyclo- 
propyldicarbinyl and related diradicals to 1,6dienes and 
vinylcyclopropanes. Specifically, we have prepared and 

(8) W. G. Dauben, G. Lodder, and J. D. Robbins, J. Am. Chem. SOC., 
98, 3030 (1976); B. Winter and K. Schaffner, ibid., 98, 2022 (1976). 

(9) L. D. Hess and J. N. Pitts, Jr., J. Am. Chem. SOC., 89,1973 (1967). 
(10) (a) P. S. Mariano and J. K. KO, J. Am. Chem. SOC., 96, 8670 

(1973); (b) P. S. Mariano and R. B. Steitle, ibid., 95,6114 (1973); (c) P. 
S. Mariano, D. G .  Watson, and E. Bay, Tetrahedron, 33, 11 (1977); (d) 
H. E. Zimmerman and G .  Epling, J. Am. Chem. SOC., 92,1411 (1970); J. 
S. Swenton, A. L. Crumrine, and T. J. Walker, ibid., 92. 1406 (1970). 
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