
1H AND 19F NMR OF BF&YCLOALKANONE COMPLEXES 

(m, l), 6.68 (s, 3), 7.08 (m, l), 7.7-8.8 (m, 12). NaBHd re- 
duction gave cyclooctyl methyl ether (ir, nmr) with AvoCHI = 
8.5 cps. 

In the nmr spectrum of the raw p-methoxycyclooctylmercuric 
chloride, some p-acetate product was seen. Although investiga- 
tion of this minor constituent was not carried out, i t  is certainly 
the identical product as isolated by Sokolov.e 

cis- and trans-Cyc1ononene.-Hydroxymercuration of cis- and 
trans-cyclononene gave trans-2-chloromercuricyclononanol in 25 
and 57% yields, respectively, mp 127-128" from chloroform- 
pentane. Anal. Calcd for CoH170HgCl: C, 28.65;' H ,  4.54. 
Found: C, 28.53; H, 4.27. I r  spectrum (CHCI,) of the 
products from the two reactions were identical. The first over- 
tone hydroxyl stretching frequency was 7020.2 cm-l for both 
products. NaBH4 reduction gave cyclononanol (ir), having a 
first overtone hydroxyl frequency of 7032.0 om-'. 

Methoxymercuration of cis- and trans-cyclononene gave trans- 
1-methoxy-2-chloromercuricyclononane in 54 and 65% yields, 
respectively: mp 86.5-87.5' from CH30H-HeO; ir spectra 
(KBr) of the products from the two reactions were identical; 
mass spectrum molecular ion a t  m/e 490; nmr (CCh) 7 6.37 (m, 
l), 6.64 (s, 3), 7.02 (m, l), 7.7-8.6 (m, 14). NaBH4 reduction 
gave cyclononyl methyl ether (ir, nmr) with AuocHa = 9.7 cps. 

Registry No. -Cyclobutene, 822-35-5 ; trans-2-chloro- 
mercuricyclobutanol, 39837-13-3; trans-l-methoxy-2- 
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Boron 
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chloromercuricyclobutane, 39837-14-4; cyclopentene, 
142-29-0; trans-2-chloromercuricyclopentanol, 39849- 
94-0; trans-l-methoxy-2-chloromercuricyclopentane, 
29581-86-0; cyclohexene, 110-83-8; trans-Bchloro- 
mercuricyclohexanol, 29581-85-9; trans-l-methoxy-2- 
chloromercuricyclohexane, 5274-83-9; cycloheptene, 
628-92-2; trans-2-chloromercuricycloheptanol, 39837- 
19-9; trans-l-methoxy-2-chloromercuricycloheptane, 
39837-20-2; cis-cyclooctene, 931-87-3; trans-cyclo- 
octene, 931-89-5; truns-2-ch1oromercuricyclooctano1, 
5185-85-3; trans-1-methoxy-2-chloromercuricyclo- 
octane, 5185-84-2; cis-cyclononene, 933-21-1 ; trans- 
cyclononene, 3958-38-1 ; trans-2-chloromercuricyclo- 
nonanol, 39837-23-5; trans-1-methoxy-2-chloromercuri- 
cyclononane, 39837-24-6. 
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A direct lH and lgF nmr study of BF, complexes of several cycloalkanones (cyclobutanone through cyclodeca- 
none) has been completed. At temperatures below -80°, exchange is slow enough to permit the observation of 
separate sets of resonance signals for coordinated and bulk ketone molecules. The appearance of the or-CHz pmr 
peaks of coordinated cyclohexanone and cycloheptanone reflect the slowing of an additional kinetic process, possi- 
bly cis-trans isomerization at  the carbonyl oxygen. The 19F nmr signals of mixtures of the cycloalkanones with 
BF3 were used to evaluate the relative basicities of this series of molecules. The basicities decreased in the order 
Ca > CS > C, > Cg CS > CIO >> C,, a trend which was interpreted primarily in terms of steric effects. 

trihalide mixtures with a variety of organic 
bases have been studied by calorimetric3-' and ipec- 
t r o s ~ o p i e ~ - ~ ~  techniques to evaluate the energetics 
and structural features of the complexes formed. The 
organic bases involved in several representative studies 
of BF3 adducts include py r id ine~ ,~~ l l  alkyl ethers, 
amines, and  sulfide^,^ dimethyl sulfoxide and ethyl 
acetate,B cyclic ketones,6 triethylamine,' ethers,8 di- 
methylf~rmamide,~ benzophenone, lo ureas and thio- 
ureas,12 water, l3 trimeth~lamine, '~ diethyl 1retone,l5 
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aromatic amine l-oxides,I6 and benzaldehydes. l7 In  
most of the nuclear magnetic resonance (nmr) studies, 
the components were mixed in a 1:l mole ratio, and 
the ligand chemical shifts mere compared to  pure base. 

Recently, a direct, low-temperature nmr technique 
has been refined and applied to  studies of boron tri- 
halide c o m p l e ~ e s . ~ ~ - ~ ~  In the presence of excess base, 
and at  temperatures low enough to  reduce the rate of 
ligand exchange, it is possiblc to observe separate 
resonance signals for bulk and coordinated ligand 
molecules. This observation leads to  an accurate 
measure of the IH, llB, l9F, and even l3CZ6 chemical 
shifts produced by complex formation, the stoichiom- 
etry of the complex, steric hindrance to  complex for- 
mation, and the ligand preference of a boron tri- 
halide in a system containing more than one base. 
These features have been evaluated for amines and 
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TABLE I 
 HYDROGEN.^ AND FLUORINE-19 CHEMICAL SHIFT AND COORDINATION DATA FOR BORON TRIFLUORIDE COMPLEXES 

WITH CYCLOALKANONES 
Temp, -6 (IH), ppmb- Coord 

Registry no. Base BFs Base CHzClz o c a  n C 6 (*OF), ppmc no. 
39209-65-9 c4 1 3 . 0  30 - 100 3.20 3.72 12.6 0.98 
39684-87-5 CS 1 2 . 9  30 - 85 2.17 2.94 11.2 0.94 
29684-87-5 CS 1 2 . 9  15 - 90 2.15 2.96 11.6 1.04 
29684-90-0 c6 1 2 . 8  30 - 90 2.34 2.93 14.8 1.04 

CS 1 3 . 0  15 - 90 2.38 2.97 15.0 0.95 
39209-67-1 CI 1 2 . 6  80 - 85 2.52 3.12 13.4 0.95 

c7 1 3 . 1  30 - 90 2.55 3.18 13.7 0.92 
39209-68-2 cs 1 2 . 9  30 - 90 2.42 3.05 14.1 0.98 
39837-95-1 c9 1 3.0  30 - 80 2.48 3.05 14.9 0.96 
39837-96-2 ClO 1 3 . 1  35 - 80 2.57 3.15 15.0 0.89 

--Mole ratios--- 

a These temperatures apply to the 1H measurements which were made within a 5" range of the value shown. The 19F spectra were 
6 The chemical shifts of the a-CH2 peaks were measured with respect to internal tetra- 

c The chemical shifts were measured with respect to internal hexafluorobenzene, which appeared at  higher field in all 
recorded within a 10" range of these values, 
methylsilane. 
cases. 

Figure 1.-The proton magnetic resonance spectriim of a mix- 
ture of BFs and cyclohexanone in methylene chloride, recorded 
on a Varian HA-100 spectrometer, is shown. The signals arising 
from coordinated (C) and bulk (B) cyclohexanone molecules are 
labeled and the particular protons are identified by the sub- 
scripts. The C, signals in portion b result from decoupling of 
these protons froin the Cp protons of the base. Mole ratios also 
are shown. 

phosphines,lg oxygen-containing bases,10,20~za pyri- 
dines,21,22 nitrogen  heterocycle^,^^ keto esters,24 sev- 
eral cyclic k ~ t o n e s , ~ ~ , ~ ~  and The present 
study involvcfi a scrips of cycloalkanones as the Lewis 
bases for BlP3 complexation. Thcse compounds, cy- 
clobutanonc through cyclodccanone, have the same 
carbonyl functional group; yet they differ in ring size 
and strain, basic strength, and possible conformations. 
Thus, the influence of these parameters on complex 
formation could be evaluated. It was anticipated 
that a correlation of thesc results with available proton 
basicity data29 would be possible, again demonstrating 
the utility of this direct nmr method as a complemcn- 
tary tool for basicity studies.30 

Experimental Section 
Methods.-The boron trifluoride was CP grado and 99.5% 

The cycloalkanones, acetone, and dichloromethane solvent pure. 
(26) G. Torri, J. Rosset, and M. Azzaro, Bull. Sac. Chim., 2167 (1970). 
(27) J. Rosset, G. Torri, A. Pagliardini, and M. Azzaro, Tetrahedron Lett., 

(28) K. L. Servis and L. Jao, J .  Phys. Chem., 76,329 (1972). 
(29) H. J. Campbell and J. T. Edward, Can. J. Chem., 88,2109 (lQ60). 
(301 E. M. Arnett, Progr. Phvs. Org. Chem., 1,  233 (1963). 

1319 (1971). 

were a t  least reagent grade and they were used after drying over 
CaSO4. Proton magnetic resonance (pmr) area measurements 
and gas chromatography revealed a noticeable impurity only in 
the case of cyclononanone. Although attempts to purify this 
compound by vacuum distillation were unsuccessful, the presence 
of this impurity did not hamper the measurements. The dryness 
of each sample was verified by the absence of a resonance signal 
for BFs-Hz.0 adduct in the 19F nmr spectrum. The boron tri- 
fluoride was fractionated twice a t  - 100' and condensed in vacuo 
in the nmr sample tube. The tube was sealed, warmed in an 
acetone-Dry Ice mixture to dissolve the components, and stored 
in liquid nitrogen until the spectrum could be recorded. To 
avoid. possible decomposition, the samples were not allowed to 
reach temperatures above -60'. With these precautions, de- 
composition was negligible in these systems as indicated by the 
lack of any extraneous 1H or IgF nmr signals, even when measure- 
ments were repeated after aperiod of several days. 

The nmr chemical shift and area measurements were made on a 
Varian A-60 and a Varian HA-100 spectrometer, the latter operat- 
ing at  94.1 MHz for 'QF nuclei. Both spectrometers are equipped 
with variable-temperature accessories for measurements from 
- 150 to 200'. The procedure is described in more detail else- 
~here,19-2~ and it consists essentially of cooling the sample in the 
probe to reduce the rate of ligand exchange. When separate co- 
ordinaled and bulk ligand pmr signals, or 19F nmr signals for 
base mixtures, are observed, the temperature is adjusted to 
maximize spectral resolution. The complete spectrum is re- 
corded at  this point for chemical shift data, and area integrations 
are measured electronically. 

Results.-The 1H and 19F nmr chemical shift and area results 
for each boron trifluoride-cycloalkanone complex are listed in 
Table I, and representative pmr spectra are shown in Figures 1 
and 2. The cycloalkanones are identified in Table I by the 
number of carbon atoms in the molecule, and each entry results 
from measurements of a t  least three samples. The quantities 
6~ and 6c are the separations in parts per million of the or-CHz 
pmr signals for bulk and coordinated base, respectively,with re- 
spect to internal TMS. The 19F nmr chemical shifts were re- 
ferred to the internal CsF6 signal, which appeared upfield (lower 
frequency) in all cases. The 6 values were calculated using the 
expression I O ~ [ ( V ~  - u ~ ) / Y ~ ] ,  where US is the resonance frequency 
of the cycloalkanone or BFI, YR is the reference TMS or C6F6 
resonance frequency, each taken as zero, and YO is 60 or 100 MHz 
for protons and 94.1 MHz for l9F nuclei. Since the a-CHz pmr 
multiplets usually were not symmetrical (see Figures 1 and 2), 
the center of each pattern was approximated for the chemical 
shift measurements. The 1H and 19F 6 values are precise to 
within 0.05 ppm. 

As seen in Figures 1 and 2 and implied by the data in Table I, 
only the a-CHz pmr signal of the coordinated cycloalkanone 
could be identified unambiguously, and, consequently, this signal 
was used in the chemical shift and area calculations. Also, signal 
overlap of the bulk a-CH2 signal with the signals from the other 
bulk CHZ protons usually precluded a direct comparison of the 
bulk and coordinated a-CHz signal areas. However, the total 
area due l o  coordinated ligand was deduced from the coordinated 
a-CH2 signal. The number of base molecules bound per BFa, 
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Figure 2.-The proton magnetic resonance spectrum of a mix- 
ture of BFr and cyclooctanone in methylene chloride, recorded on 
a Varian HA-100 spectrometer, is shown. The signals arising 
from coordinated (C) and bulk (B) cyclooctanone molecules are 
labeled and the particular protons are identified by the sub- 
scripts. Mole ratios also are shown. 

the BFa “coordination number,” was calculated from the expres- 
sion (moles of base/mole of BFa).(coord base area/total base 
area). A precision of 5% was typical €or these area results. 
The coordination number results indicate that 1: 1 complexes 
were formed in all cases, although low (0.9) values were obtained 
in the cycloheptanone and cyclodecanone solutions. Since gas 
chromatography, pmr areas, and 19F nmr spectra showed no 
evidence for the presence of impurities, the two low results must 
be due to the more extensive signal overlap which prevails in the 
pmr spectra of these solutions. 

The nmr chemical shift and area data for all possible pair mix- 
tures of the cycloalkanones are listed in Table 11. In these 
mixtures, the overlap of the coordinated ol-CHt signals for each 
base, exemplified by Figure 3 for the cyclopentanone-cyclo- 
octanone combination, prevented an evaluation of the amount 
of BFs complexed by each ligand. Thus, from pmr spectra, only 
the total amount of BFa complexed could be determined (last 
column). The fractions of BF3 complexed, listed in columns 
6 and 7 of Table 11, were easily measured from the much simpler 
19F nmr spectra, an example of which is shown in Figure 4 for 
the same cyclopentanone-cyclooctanone solution. Since it was 
difficult to prepare solutions containing the exact base mole ratios 
desired, the concentrations and BF3 fractions complexed were 
normalized to the values shown. Although only small changes 
(-6%) were involved, a detailed jdstification will be presented 
later. 

The lgF S value assignments listed in Table I1 were aided by the 
chemical shift results for the single base systems summarized in 
Table I. The identities of the complexes were made easily in 
all cases except the cyclohexanone-cyclononanone, cyclohexa- 
none-cyclodecanone, and cyclononanone-cyclodecanone combina- 
tions. As seen in Table I ,  the l@F chemical shifts of the complexes 
of these bases differed only slightly. However,, from the S 
value of 14.6 ppm observed for the boron trifluoride-cyclohexa- 
none adduct in the cyclobutanone throughcyciooctanone mixtures, 
the assignment for this species in the remaining mixtures was 
made. The assignment of the byclononanone and cyclodecanone 
complexes was based on a coinparison of the data of Table I1 
involving these ligands. The boron trifluoride-cyclononanone 
complex ‘@F nmr signal consistently appeared at  higher field than 
that of the cyclodecanone adduct by about 0.1 ppm. 

Discussion 
The observation of bulk and coordinated ligand 

pmr signals in these cycloalltanone solutions is due to  
the reduced rate of intermolecular exchange a t  low 
temperatures. This observation was possible with 
all ketones studied, in contrast t o  the reported inability 
to achieve this slow exchange condition in BF, solu- 
tions of cyclohexanone.26 From the chemical shift 
displacements produced by complex formation with 

J .  Org. Chem., Vol. 38, No .  13, 1973 2311 

Figure 3.-The proton mdgnetic resonance spectrum of a mix- 
ture of BFa, cyclopentanone, and cyclooctanone in methylene 
chloride, recorded on a Varian A-60 spectrometer, is shown. The 
signals arising from coordinated (C) and bulk (B) base molecules 
are labeled. Mole ratios are shown. 

Figure 4.-The fluorine-19 nuclear magnetic resonance spec- 
trum of a mixturl! of BF3, cyclopentanone, and cyclooctanone in 
methylene chloride, recorded at  94.1 MHz on a Varian HA-100 
spectrometer, is shown. The complexes of the bases with BFa 
are labeled, the shifts in parts per million to lower field from in- 
ternal CeFe are given, and mole ratios of all components are shown. 

these compounds, and the relationship 7 - 10/2?rAv, 
the lifetime of a base in a particular environment must 
be -0.05 sec. 

The more significant features of the pmr spectra of 
these boron trifluoride-cycloalltanope solutions at  
low temperature are (a) a chemical shift displaccment 
of about 0.6 ppm, with two exceptions, for the a-CHa 
protong of coordinated base, with an attenuation of 
this effect a t  sites further from the carbonyl group; 
(b) an increased line width for the bound ligand signals, 
again more noticeable for the a-CHL proton peaks; 
and (c) a similar appearance of the bound and bulk 
ligand signals in all but two cases. The chemical 
shift change, represented by SCB = 6~ - 8 ~ ,  induced 
at  the a-CH2 position of these cycloalltanones, was 
-0.6 ppm except in the cyclobutanohe (0.5 ppm) and 
cyclopentanone (0.8 ppm) solution spectra. A com- 
parison of the 6c values shows that in reality only the 
cyclobutanone result could be considered anomalous. 
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TABLE If 
HYDROGEN-1 AND FLUORINE-19 CHEMICAL SHIFT AND COORDINATION DATA FOR BORON TRIFLUORIDE COMPLEXES 

IN MIXTURES OF CYCLOALKANONES 
BFa 

Mole ratio---- -8 ('OF), ppmb- -Fraction corm- ~ - B a s e - -  ---- 
B CHaCla Temp, "C" A B A 

1 .5  30 
1 . 5  30 
1.5 30 
1.5 30 
1 .5  30 
1 . 5  30 
1 .5  30 
2.0 35 
1 .5  30 
2.9 30 
1 .5  30 
2.9 25 
1 .5  30 
3.0 30 
1 .5  30 
1.5 30 
3.0 30 
1 .5  30 
1 . 5  30 
1 .5  30 
1 .5  30 
1.5 30 
1 .5  30 
1.5 30 
1 .5  30 
1 .5  30 
1 .5  30 

- 90 
- 90 
- 90 
- 90 
- 90 
- 90 
- 90 
- 90 
- 90 
- 90 
- 90 
- 90 
- 90 
- 90 
- 90 
- 90 
- 90 
- 90 
- 90 
- 90 
- 85 
- 85 
- 85 
- 90 
- 90 
- 85 
- 85 

12.8 11.3 0.02 
12.8 14.6 0.05 
12.8 13.6 0.02 
12.7 14.1 0.02 
12.7 14.9 0.02 
12.7 15.0 0.12 
11.4 14.6 0.67 
11.3 14.6 0.50 
11.4 13.6 0.57 
11.4 13.7 0.38 
11.3 14.1 0.45 
11.3 14.1 0.37 
11.3 14.9 0.67 
11.3 15.0 0.50 
11.4 15.0 0.83 
11.3 15.0 0.72 
11.3 15.1 0.64 
14.7 13.7 0.35 
14.6 14.1 0.32 
14.6 14.9 0.50 
14.6 15.1 0.57 
13.6 14.1 0.44 
13.6 15.0 0.61 
13.6 15.1 0.67 
14.1 14.9 0.78 
14.1 15.0 0.75 
14.9 15.0 0.60 

A 

C4 
c4 

C4 
c4 

c4 

C4 
c6 
c6 

c6 
C6 
c5 

c5 

c6 
c6 

CS 
Cs 
cs 
CS 
C6 
Ce 

CI 
c7 
c1 
CS 
CS 
c9 

C6 

B BFs 
C6 1 
CS 1 
c7 1 
CS 1 
Ca 1 
ClO 1 
c6 1 
C8 1 
C7 1 
CI 1 
CS 1 
CS 1 
c9 1 
c9 1 
Ca 1 
ClO 1 
ClO 1 
CI 1 
CS 1 
c9 1 
Cto 1 
CS 1. 
Ca 1 
ClO 1 
c9 1 
ClO 1 
ClO 1 

A 

1.5 
1 .5  
1.5 
1.5 
1.5 
1 .5  
1.5 
1.0 
1.5 
1.4 
1.5 
1.7 
1.5 
1 .5  
3.0 
1.5 
1 .5  
1 .5  
1.5 
1.5 
1.5 
1 .5  
1 .5  
1 .5  
1 .5  
1 .5  
1 .5  

B Coord no.c 
0.98 0.95 
0.95 0.93 
0.98 0.90 
0.98 1.01 
0.98 0.90 
0.88 0.75 
0.33 1.01 
0.50 0.98 
0.43 0.99 
0.62 1.03 
0.55 0.96 
0.63 1.04 
0.33 0.99 
0.50 1.00 
0.17 0.97 
0.28 0.96 
0.36 1.04 
0.65 0.99 
0.68 0.99 
0.50 1.04 
0.43 0.89 
0.56 0.98 
0.39 0.93 
0.33 0.93 
0.22 0.96 
0.25 0.89 
0.40 0.90 

a All shift and area measurements were made within a 5" range of the temperature shown. b The chemical shifts were measured with 
c These coordination numbers are based on lH spectra. respect to internal hexafluorobenzene, which appeared at  higher field in all cases. 

BF,: Ms&,H,O~CH,CI, 

I : 3.0 . 120 %-on, 

I ll 

Ho, 
Figure 5.-The proton magnetic resonance spectrum of a mix- 

ture of BFa and 4,4-dimethylcyclohexanone in methylene chlor- 
ide, recorded on a Varian HA-100 spectrometer, is shown. The 
signals arising from coordinated ( C )  and bulk (B) 4,4-dimethyl- 
cyclohexanone molecules are labeled and the particular prototls 
are identified by the subscripts. The signal amplitude was re- 
duced by a factor of 10 when recording the methyl group signals. 
Mole ratios also are shown. 

For example, in the boron trifluoride-cyclopentanone 
solution spectra, the inordinately high field position 
of thc bulk a-CH2 pattern is responsible for the large 
~ C B  value. As will be discussed in detail later, the 
unusual complcxing behavior of cyclobutanone is 
due to the severe ring fitrain in this molccule. The 
compounds in this series differ in basicity, and pre- 

sumably should form complexes of varying strength. 
Calorimetric studies of the cyclopentanone and cyclo- 
hexanone systems, for instance, show marked dif- 
ferences in the heats of formation of their BF3 
complexes.6 Thus, the lack of dependence of the ~ C B  

values with ring size rules out a correlation of pmr 
chemical shift with interaction strength. Rather, 
complex formation produces the same extent of de- 
shielding a t  the a-CH2 sites. Similarly there is no 
observable trend of 19F nmr chemical shifts with molec- 
ular structure in this series of BB3 complexes. 

The line width characteristics of the coordinated 
ligand pmr signals are due to interactions with the 
quadrupole moment of the boron nucleus of BF3. 
At the low temperatures required in this study, the 
solution viscosity is high and the lifetime of ligand 
molecules in the "coordination shell" of BF3 is rela- 
tively long. Consequently, the coupling between 
the llB nuclei and bound ligand protons is effective, 
the proton TI values are reduced, and signal broadening 
results. As expected, this effect diminishes with dis- 
tance from the 1lB nucleus. 

The most interesting spectral features are exhibited 
by the BF3 complexes of cyclohexanone and cyclo- 
heptanone, for which the coordinated a-CH2 pmr 
peaks appear as more complicated patterns. This is 
illustrated in Figure 1 for the cyclohexanone complex 
and in Figure 5 for the BF3 adduct of 4,4-dimethylcy- 
clohexanone, which produces a much simpler spec- 
trum.31 It also appears that two processes, one in- 

(31) The authors are indebted t o  Professor Paul McMaster of Holy Cross 
College for a sample of this compound and for many helpful suggestions 
regarding this aspect of the study. 
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volving ligand exchange and another causing the pat- 
tern of the bound a-CHz pmr signals, are, involved. 
As seen in Figure 5, at  -70°, ligand exchange is slow 
enough to observe distinct sets of signals for all pro- 
tons, even those of the methyl groups, for bulk and 
coordinated 4,4-dimethylcyclohexanone molecules. The 
broadness of the coordinated a-CHz peak contrasts 
with the sharp, well-defined P-CHZ triplet and indicates 
that these molecules are still involved in some process 
which has a greater influence at  the carbon atoms clos- 
est to the carbonyl group. Although not completely 
resolved, the coordinated a-CHz pattern at  lower tem- 
peratures (see Figures 1 and 5) seems to be a set of 
overlapping triplets, producing peaks with approx- 
imate area ratio 1 : 2 : 2 : 2 : 1. The three central peaks 
are well defined but the outer two are shoulders. If 
this assignment is correct, the two sets of coordinated 
a-CHz triplets would be duplicates of the parent bulk 
signal. When the coordinated P-CHz protons are 
decoupled, the coordinated a-CHz multiplets collapse 
into two singlets of equal area. 

These features could result from a reduced rate of 
cis-trans isomerization a t  the boron trifluoride-car- 
bony1 linkage. This process would produce two co- 
ordinated a-CHz triplets of equal area, since there is 
no thermodynamic preference for either isomer. A 
precedent is provided by the diethyl ketone-boron 
trifluoride adduct, for which cis-trans isomerization 
is slow a t  -l2O0.l5 Although a carbonyl group is 
involved in both cases, the structural differences 
between this ketone and the cycloalkanones can ac- 
count for the ability to observe slow isomerization 
at  higher temperatures in the latter systems. It is 
riot clear why this process should be more rapid in the 
larger (C,-C1,) cycloalkanones, a situation which 
seems to prevail. 

A slow chair-chair interconversion also might give 
rise to the spectra of Figures 1 and 5,  but several points 
minimizc this possibility. Ring strain produces an 
essentially planar configuration for c y c l ~ b u t a n o n e ~ ~ - ~ ~  
and a rigid, “half-chair” structure for cycl~pentanone,~~ 
precluding this kind of conformational motion in these 
smaller members of the series. In the larger members, 
barriers to interconversion are very low and this mo- 
tion proceeds easily. For example, interconversion 
is slow on the nmr time scale only at -160” for cyclo- 
octanone (AH* E 7 k ~ a 1 ) ~ ~ t ~ ~  and all attempts to 
slow chair-chair interconversion for cyclohexanone 
have been unsuccessful, even at  - 170°.38339 These 
results led t o  a postulate of a barrier of only 5 kcal 
for interconversion of this molecule. Unless the hy- 
bridization of the carbonyl carbon in the BF3 complex 
resembles that of cyclohexane, where chair-chair 
interconversion proceeds with a AH* of about 10 

(32) J. B .  Lambert and J. D. Roberts, J. Amer. Chem. Sac., 87, 3884 
(1965). 

(33) T.  R.  Borgers and H. L. Strauss, J .  Chem. Phys. ,  46,947 (1986). 
(34) F. J. Weigert and J. D. Roberts, J. Amer. Chem. Sac., 92, 1347 (1970). 
(35) M. Hanack, “Conformation Theory,” Academic Press, New York, 

(36) F. A. L. Anet, “Conformational Analysis,” G. Chiurdoglu, E d . ,  

(37) F. A. L. Anet, M .  St. Jacques, and P. M. Henrichs, Intra-Sci. Chem. 

(38) F. R .  Jensen and B. H. Beck, J. Amer. Chem. Sac., 90, I066 (1968). 
(39) R.  E .  Lack, C. Ganter, and J. D. Roberts, ibid., 90, 7001 (1968). 

N .  Y. ,  1965, p 78. 

Academic Press, NeivYork, N. Y. ,  1971, p 15. 

Rep. ,  4 ,  251 (1970). 
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k ~ a 1 , ~ ~ , ~ ~  this process does not seem to be the cause 
of the spectra observed with cyclohexanone and cy- 
cloheptanone. This process also should produce a 
more complex a-CHz spectrum as a result of axial- 
equatorial coupling, although this could be obscured 
by coupling with the boron quadrupole. 42  Measure 
ments with substituted cyclohexanones are planned 
in an attempt to clarify these points. 

The coordination data of Table I1 emphasize the 
utility of this direct nmr method for evaluating in 
a qualitative manner the relative basic strengths 
of a series of compounds toward a common Lewis 
a ~ i d . ’ ~ - ~ ~  As will be discussed later, at  equal con- 
centrations of each base, the fraction of BF, complexed 
depends only on the basicity of the ligand. For ex- 
ample, in all mixtures, cyclobutanone was able to 
complex only a small fraction of the BF3, a good 
indication that it is the weakest base in this series. 
Cyclopentanone binds more than half of the BF3 
in the presence of any other member of this series 
except cyclooctanone. From a comparison of such 
results obtained with mixtures containing bases at  
equal concentrations, the following trend of decreasing 
relative basicity toward BF3 can be constructed for 
these cycloalkanones. 

C8 > Ca > C? > Ce - CB > ClO >> C4 

Here the subscript indicates the number of carbon 
atoms in the ring. This trend may be compared to  
the available protonation data for this series, which 
yield the following order of decreasing basicity ex- 
pressed as ~ K B H +  values at  25°.29 

Cs (-6.2) > C? ( - 6 . 6 )  > Cg (-6.8) > Cg ( - 7 . 5 )  > Ce ( - 9 . 5 )  

It is evident that, in both systems, cyclobutanone is 
the weakest base. This can be attributed to the effect 
of the severe ring strain of this molecule on the nature 
of the carbonyl bond. It has been suggested that 
the C-C-C bond angle at  the carbonyl group in cyclo- 
butanone produces an increase in the s character of 
the carbon-oxygen CT bond, and a consequent decrease 
in the basic strength of the oxygen atom.43 This 
effect decreases with increasing ring size, but it prob- 
ably is the cause of the relatively low ~ K B H +  value 
of cyclopentanone. 

In contrast to the smooth increase of basicity with 
ring size toward the proton, the order with respect 
t o  BF3 is much more complicated. The main differ- 
ence between the two groups of studies is the steric 
factor introduced by the use of the more bulky BFI. 
For example, the position of cyclononanone and cyclo- 
decanone in this BFa basicity series is not surprising 
when the conformational possibilities for these mole- 
cules are considered. The size of these two rings may 
introduce steric hindrance to complex formation at  
the carbonyl group, by methylene groups a t  the op- 
posite end of the molecule. This steric hindrance 
also should prevail in the cyclooctanone ring but to 

(40) F. A. Bovey, “Nuclear Magnetic Resonance Spectroscopy,” Aca- 

(41) C. H. Bushweller, G. E. Yesomitch, and F. H. Bissett, J. Org. Chem., 

(42) The authors are indebted to the referees for several comments con- 

(43) L. N. Ferguson, “The Modern Structural Theory of Organic Chemis- 

demic Press, New York, N .  Y. ,  1969, Chapter 7. 

37, 1449 (1972). 

cerning this aspect of the work. 

try,” Prentice-Hall, Englewood Cliffs, N. J., 1963, p 543. 
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a lesser extent. Also, the preferred conformations 
of this molecule place the carbonyl group in a somewhat 
favorable position for complex format i0n .~~~~6 Since 
these steric effects would be minimal in smaller rings, 
one would predict that cycloheptanone and cyclo- 
hcxanone, respectively, should follow cyclooctanone 
in the BF3 basicity series. 

Thus, as a result primarily of steric factors, cyclo- 
pentanonc cmergcs as a strong complexing agent for 
BF3, in spite of its low proton basicity as compired to  
other members of this series. Previous studies in 
these l a b o r a t o r i e ~ ~ ~ - ~ ~  have implied that, if ~ K B H  i- 

values for two bases differ by one or more units, essen- 
tially all the BF3 will be complexed by the stronger 
ligand. Since cyclopentanone can compete with all 
the larger cycloalkanones in BF3 solution, steric factors 
reduce the effective basicity of the latter by at  least 
a factor of 10. 

In addition to  the relative basicity, which is a funda- 
mental rnolccular property, thc fraction of BF3 com- 
plexcd by each basc in a mixture depends on the con- 
centration of the componcnts. For instance, when 
cyclopcntanonc and cyclohexanonc are mixed in equal 
concentrations, cyclopentanone complexes approxi- 
matcly two-thirds of thc BFB. Howevcr, these bascs 
complex cqual fractions when thc cyclohexanonc con- 
centration is twice that of cyclopentanone (see Table 

11). In other words, the relationship, f a hac, where 
f is the BFa fraction complexed, b is the relative basicity 
of the molecule toward BF3, and c is the base concen- 
tration, seems to  hold f6r these systems. Thus, a t  
equil concentrations, fi/fi = b ~ / b z  provides a measure 
of the relative basic strength of these compounds. 
Assuming that basicity is not concentration dependent, 
the fraction of BF3 complexed at various base con- 
centrations can be estimated from = constant 
(cl/cz). This relationship holds within 10-20% when 
tested in these mixtures and it provides a justifica- 
tion for the normalization procedure used in the de- 
velopment of the Table I1 data. 

Registry NO. -Adduct of BF3 and 4,4-dimethylcyclo- 
hexanone, 39209-78-4. 

Acknowledg&ents. -This work was supported in part 
by Revearch Grant GP-9517 from the National Science 
Foundation, a National Science Foundation Instrument 
Grant, GP-8347, for the purchase of the Varian HA-100 
nmr instrument, a Holy Cross College Faculty Fellow- 
ship (G. A. V.), and a National Institutes of Health 
Research Career Development Award, 5-K4-GM42334- 
04 (A. F.), The authors are indebted to Mr. Richard 
Perrigan for his assistance in recording several of the 
spectra. 

On the Dehydroxylation of Phenols by Cleavage of Their Diethyl 
Phosphate Esters with Alkali Metals in Liquid Ammonia1 

ROBERTO A. ROSSI~ AND JOSEPH F. BUNNETT* 
University of California, Santa Cruz, California 96064 

Received November 7, 1978 

In a method due to Kenner and Williams, the phenolic hydroxyl group is replaced by hydrogen in a two-step 
process: the phenol is converted to an aryl diethyl phosphate esler, which is then cleaved with an alkali metal in 
ammonia. Reinvestigation of the method with use of glpc shows it to be convenient and to give high yields of 
dehydroxylation products. Complications are encountered in the dehydroxylation of 1-naphthol, but allyl, 
acetyl, and (in part) nitro substituents survive the procedure unscathed. 

A communication by Musliner and Gates, annouhc- 
ing a new method for the dehydroxylation of phenols, 
startcd with the sentence: “Up to the present time, 
no general method has been available for the removal of 
phenolic hydroxyl groups.” The communication goes 
on to  describe the method they developed, which in- 
volves conversion of phenols to  heterocyclic ethers (es- 
pecially 1-phenyl-5-tetrazolyl ethers) which are then 
cleaved by hydrogenolysis over 501, palladium on 
carbon. However, it fails to  mention an attractive 
method of considerable generality which had been 
described 11 years earlier. We have reinvestigated 
the older method, and have formed a high opinion of it. 

The method to which we refer, due to Kenner and 
 william^,^ involves conversion of the phenol to the 
corresponding aryl diethyl phosphate ester, and then 
cleavage of thc latter with an alkali metal in liquid am- 

( 1 )  Research supported in part by the National Science Foundation. 
(2) Grateful recipient of a fellowship from the Consejo Nacional de In- 

(3) W. J. Musliner and J. W. Gates, Jr., J .  Amer. Chem. SOC., 88, 4271 

(4) G. JV. Kenner and N. R. Williams, J .  Chem. SOC., 522 (1955). 

vestigaciones Cientificas y Tdcnicss, Argentina. 

(1966). 

monia. 
sketched in eq 1 and 2. 

The modification of it which we employed is 
Kenner and Williams re- 

~ O P O ( O C , H , ) ~  + 2M - ”8 

R 

ported high yields of dehydroxylation products from 
several alkoxy-, alkyl-, or acetamido-substituted phe- 
nols. 

The method was also studied and employed by 
Pelletier and Lock@ for the small-scale dehydroxylation 
of several phcnols, most of which were derived from 
polycyclic aromatic systems. The yields that they ob- 

( 5 )  S. W. Pelletier and D. M .  Locke, J .  Org. Chem.., 48, 131 (1958). 


