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symmetric and asymmetric CN stretching vibrations. 
An X-ray diffraction study of the complex, currently in 
progress, should clarify this point.34 

Solution conductivity studies in acetonitrile reveal 
nearly identical results for L3Cu(NCBH3) and LzCU- 
(NCBH,) (Figure 1). Equilibria 1 and 2 are postu- 
LsCu(NCBH8) + CHaCN = LaCu(NCCH8)' + HaBCN- 

[L2Cu(NCBHa)]z + 4CHsCN = 

(1) 

2LaCu(NCCHa)z+ + 2HsBCN- (2) 

(34) NOTE ADDED IN PROOF.-A structure similar to  tha t  shown in 
Figure 3 s  has been found by X-ray crystallography (S. J. Lippard and 
K. M. Melmed, to be submitted for publication), but the site symmetries 
of the two cyanide groups are distinctly different. The deuterated analog 
{ [(CaHa)aP]2Cu(NCBDa) )z has also been prepared (J. J. Mayerle, unpub- 
lished results) and found to contain two sharp ir bands a t  2189 and 2206 
cm-1. We thank Dr. K. F. Purcell for a sample of NaDaBCN. 

e solution behavior of the monomeric and 
ounds, respectively. Because of the 

known tendency of triphenylphosphine-copper (I) com- 
plexes to dissociate phosphine ligands in solution, 21 

no attempt was made to determine the molecular weight 
of the sparingly soluble cyanotrihydroboratobis(tri- 
phenylphosphine)copper(I) compound in chloroform or 
other noncoordinating solvents. 
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A direct proton and fluorine-19 nuclear magnetic resonilnce chemical shift and integration study of boron trifluoride and 
boron trichloride complexes with pyrazine, pyridazine, pyrimidine, 4-cyclopropylpyridine, 4-ethylpyridine, imidazole, 
pyrazole, 1-methylirnidazole, and 1-methylpyrazole has been completed. In these systems ligand exchange is slow enough 
to permit the direct observation of pmr signals for bulk ligand and molecules bound to the boron trihalide. The chemical 
shift differences between the bound and bulk ligand signals were interpreted in terms of an electrostatic effect and possible 
*-electron participation in the complexing process. Area measurements of the pmr and lBF nmr signals provided an un- 
ambiguous determination of the stoichiometry of the complex, along with an estimate of the relative basic strengths of these 
species. pyridazine > pyrimidine > pyrazine; 4-cyclopropylpyridine 'V 
4-ethylpyridine; and 1-methylimidazole > imidazole > pyrazole > 1-methylpyrazole. 

The trends in basic strengths were as follows: 

Introduction 
The utility of nuclear magnetic resonance (nmr) 

methods for studying a variety of Lewis acid-base sys- 
tems has been demonstrated recently.l-l* When sam- 
ples containing an excess of base are cooled to reduce 
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the rate of proton and molecular exchange, i t  frequently 
is possible to observe separate resonance signals for 
bound and bulk ligand molecules. This has been ac- 
complished for electrolyte solutions, leading to quanti- 
tative determinations of cation hydration numbers, 
competitive solvation, 4-6 and contact ion pairing;7-12 
for possible hydrogen-bonding interactions , I 3  for Co2 + 

complexes with several bases;14 and for boron trihalide 
interactions with organic bases.16-18 The latter sys- 
tems included oxygen-containing molecules, 15,18 sub- 
stituted pyridines, l7 and compounds of biological rele- 
vance.'B 

Studies of similar systems have been attempted by 
calorimetric1g-22 and room-temperature ir and nmr 
techniq~es~~-zg and structural information has been ob- 
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TABLE I 
CHEMICAL SHIFT AND COORDINATION DATA FOR BORON TRIFLUORIDE AND BORON TRICHLORIDE COMPLEXES WITH 

IMIDAZOLE (Im), 1-METHYLIMIDAZOLE (1-MeIm), PYRAZOLE (Pyra), ASD 1-METHYLPYRAZOLE (1-MePyra) AT 60 MHz 

Base Solventa base: BXa: s o h  OC 2 3 4 5 6 base:BXa 

PYRAZINE (Pyr), PYRIDAZINE (Pyd), PYRIMIDINE (Pym), 4-CYCLOPROPYLPYRIDIKE (4-cyPy), 4-ETHYLPYRIDINE (4-EtPy), 

Mole ratios, Temp, 7- Av(C-B), Hz- - Complex mole ratio, 

PYr a 1.24:l.OO:lO - 10 6 40 . . .  40 6 0.96:l.OO 
Pyr A 2.18:1.00:20 0 13 47 . . .  47 13 0.98: 1.00 

0.99: 1.00 Pyr 2-NP 2.93:1.00:29 - 10 12 48 48 12 
PYd A 3.00:1.00:29 - 10 . . .  19 48 19 1.00: 1.00 
PYd 2-NP 3.06:1.00:29 - 10 . . I  18 44 44 18 0,99: 1.00 

1 . l o :  1.00 Pym A 3.00:1.00:29 0 19 . . .  39 41 19 
16 0.99: 1.00 Pym 2-NP 2.66:1.00:25 0 19 I . .  38 41 

4-CyPy DCM 2.64: 1 .00:  25b 0 37 26 26 37 1.04:  1.00 
4-CyPy 2-NP 2.87:1.00:26 0 5 31 . . .  31 5 1.01 : 1.00 

1.02: 1 . 00 4-EtPy DCM 2,80  : 1.00: 27b 0 40 30 . . .  30 40 
4-EtPy DCM 2 ,80 :  1.00:27* 0 38 29 . . .  29 38 1.02:  1 .00 
4-EtPy 2-NP 3.00:1.00:29 0 8 34 . . .  34 8 1.02: 1 .oo 

13 1.04: 1 . O O  Pyra 2-NP 2.92:1.00:29 0 . . .  20 14 
17 5 5 0.97: 1 . O O  Im 2-NP 2.94:1.00:30 - 10 

1-MeIm 2-NP 3.15:1.00:31 +45 40 . . .  16 13 . . .  1.06: 1.00 
- 45 

- 80 
1-MePyra 2-NP 3.10:1.00:31 $45 . . .  30 20 30 . . .  1 . O O :  1.00 

a Solvents: A, acetone; 2-iYP, 2-nitropropane; DCM, dichloromethane. * Boron trichloride was the Lewis acid. 

tained in several cases. The nmr method of this study 
is somewhat more direct and quantitative in that the 
bound and bulk ligand signals can be observed simul- 
taneously in the same spectrum. The information 
which can be derived from these boron trihalide inves- 
tigations includes the ligand proton chemical shifts 
produced by complex formation, the stoichiometry of 
the complex, the relative basic strengths of a series of 
ligands toward the particular boron trihalide, steric 
hindrance to complex formation, and a direct measure 
of the ligand preference of a boron trihalide in a system 
containing more than one base. The relative basicity 
information can provide a valuable supplement to the 
protonation basicity studies carried out by calorimet- 
ric30J1 and nmr m e t h o d ~ . ~ ~ J ~  

The molecules chosen for study all have the common 
structural feature of a nitrogen atom unshared electron 
pair, but they differ in ring size, substituents, and degree 
of unsaturation. This permitted an assessment of the 
effect of these parameters on complex formation. 

Experimental Methods 
With the exception of 4-cyclopropylpyridine, which was pre- 

pared as described in the literature, 3 4  all organic compounds were 
reagent grade. The liquids were distilled and dried over molecu- 
lar sieves and CaIIz before use, while the imidazole and pyrazole 
were recrystallized, The boron trifluoride and trichloride were 
purified by fractionation. The dryness of the solvents and the 
BFa was verified by the coordination number measurements and 
the absence of a signal for the water adduct of BFs in the IQF nrnr 
spectra. The absence of other BF3 impurities also was checked 
by the 1 g F  spectra. The samples were prepared and sealed under 
vacuum and cooled in liquid nitrogen until the spectra could be 
recorded, always within a few hours. This procedure was 
critical only with solutions of the imidazoles and pyrazoles, which 
become colored and exhibited extraneous proton and lgF nrnr 
signals after standing for several days. None of these problems 
was evident in any of the systems to be described. 

The chemical shift and integration measurements were made 
on a S’arian A-60 and a S’arian HA-100 spectrometer, the latter 
operating a t  94.1 MHz for I8F nuclei. The procedure has been 

(30)  E. M. Arnett, Piogy. Phys. Oig.  C h e w ,  1, 223 (1563). 
(31) E. h i .  Arnett  and C. F. Douty, J .  A m e i .  Chenz. SOL., 86, 409 (1964). 
(32) K.  K. Anderson, W. H. Edmonds, H. B. Biasotti, and R. A. Strecker, 

(33) P. Haake and R. D. Cook, Z’eiiehedroiz Lelt., 427 (1968). 
(34) 8. P. Gray and H. Kraus, J .  Ovg. Chem., 31, 395 (1566). 

J .  Oyg,  Chem., 31, 2859 (1966). 

described in more detail in previous publications16-18 and it 
consists essentially of observing the nmr spectrum as the sample 
is cooled in the probe. In the systems of this study, ligand 
exchange was slow enough even a t  +35” in several cases to per- 
mit the observation of separate sets of base signals in the pmr 
spectra, and BFI peaks in the IgF case. Chemical shift and area 
measurements were made a t  this point, the latter with the elec- 
tronic integrator of the spectrometer. 

Results 
The proton chemical shift and coordination data for 

all ligands in several solvents are summarized in Table 
I. In  most cases, BF3 was the Lewis acid, but in ad- 
dition, BC13 was used with the two pyridines to illus- 
trate a chemical shift feature. The solvent was main- 
tained in large excess (10: 1) to minimize extensive 
bound-bulk ligand interactions and little chemical 
shift change was observed from one solvent to another. 
The chemical shifts listed represent the difference be- 
tween the signals for the same proton in bulk ligand 
and ligand bound to the boron trihalide. The bulk 
ligand ring proton signal positions are not included in 
Table I, but they were measured in all cases and they 
were approximately 7-9 ppm downfield from internal 
TICIS. Because of the complexity of the signal pat- 
terns and their partial superposition on the solvent sig- 
nals, no attempt was made to determine the bound- 
bulk separations for the cyclopropane ring and ethyl 
peaks in the pyridine solutions. The bound-bulk sep- 
arations were about 13 Hz for the methyl proton signals 
of 1-methylimidazole and 1-methylpyrazole. These 
peaks were used in the area measurements. 

The Av(comp1ex-bulk) values were obtained by com- 
paring the positions of the centers or one of the dominant 
peaks of the particular resonance pattern. The nu- 
merical designations of the proton sites in the various 
ligands are based on the diagrams in Figure 1. 

The magnetic equivalence of protons in those ligands 
containing two nitrogen atoms was perturbed by com- 
plex formation, For example, although the bulk pyra- 
zine signal for Figure 2 is a singlet arising from the four 
equivalent protons, two sets of peaks due to the 2,6-CH 
and 3,5-CH sites are exhibited by bound molecules of 
this compound. The broader pattern for bound pyra- 
zine was assigned to the 2,B-CH protons because of the 
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Pyridariw Pyrimldins Pyrarinr 
(PYd) (Pym) IPyr) 

4-Ethyl- 4-Cydopropyl- 
pyridlnr pyrldinr 

(4-EtPy) (4- CYPYI 

Y Y 

Imidazole Pyrarolr 
(Im) (Pyra) 

Figure 1.-Compound structure. 

BF3: P y r : Z - N P  
1.00: 2.93: 29.1 

t:-1ooc 
Cpyr 

Hg 

Figure 2.-The proton magnetic resonance spectrum of a 
BFa-pyrazine mixture in 2-nitropropane, recorded on a Varian 
A-60 spectrometer. The signals arising from bulk (Bpyr) and 
coordinated (Cpyp) pyrazine molecules are labeled in the diagram, 
with the numerals identifying the particular proton in the mole- 
cule. The mole ratios of all species also are shown. 

anticipated quadrupole interaction with the boron nu- 
cleus of BF3. Similarly, the equivalence of the 4,6-CH 
positions in bulk pyrimidine is destroyed by complex 
formation and individual sets of signals appear for these 
protons as seen in the 100-MHz spectrum in Fig- 
ure 3. The 4,B-CH assignments again were predicated 
on the greater quadrupole broadening expected a t  the 
site closer to the BF3. Area considerations also were 
consistent with the assignments of Figure 3 .  Although 
not shown here, the bound pyridazine spectrum differed 
only slightly in appearance from that of bulk ligand, a 
consequence perhaps of rapid intramolecular exchange. 
In this case, the 3,6-CH and 4,5-CH protons were con- 
sidered as equivalent in both environments. Individ- 
ual signals are observed for the 3-, 4-, and 5-CH protons 
of bound pyrazole, whereas the 3,5-CH sites are equiv- 
alent in bulk ligand. Again, the broader signal was as- 
signed to the 3-CH proton. Overlap of the bound and 
bulk 4,5-CH signals of imidazole prevented a similar 
observation in this case, but most likely these sites are 
not equivalent in the BF3 adduct. Although bound 
1-methylimidazole and 1-methylpyrazole signals were 
evident a t  +45', only a t  the lower temperatures shown 

BFJ : Pym : 2 - N P  
1.00 : 2.56 : 25.3 

Ho - 
Figure 3.-The proton magnetic resonance spectrum of a 

BF1-pyrimidine mixture in 2-nitropropane, recorded on a Varian 
HA-100 spectrometer. The signals arising from bulk (Epym) and 
coordinated (Cpym) pyrimidine molecules are labeled in the dia- 
gram, with the numerals identifying the particular proton in the 
molecule. The mole ratios of all species also are shown. 

in Table I was the nonequivalence of all ring protons 
clearly demonstrated. In the 1-methylpyrazole spec- 
tra a t  -80°, the 3- and 5-CH signals for bound and 
bulk molecules were separate doublets (eight peaks in 
all). Since the signals could not be assigned to a par- 
ticular proton, the centers of the patterns were used to 
calculate the AY(C-B) values. Similarly, separate sig- 
nals were distinguishable for the 4- and 5-CH protons 
of bound 1-methylimidazole, but viscosity broadening 
prevented this observation for the bulk ligand signals. 

The '9F chemical shift data for all systems are sum- 
marized in Table 11. It was observed that the signal 
of CFC13, the usual internal standard for 19F nmr work, 
was about 150 pprn downfield from the BF3 signals in 
these systems, whereas the C6F6 peak was only 10-12 
ppm upfield from BF3. Thus, CeF6 was used as an in- 
ternal standard and the BF3 chemical shifts were re- 
ferred to CFC1, using the literature value of i-162.3 
ppm for S(C6F6) - G(CFCl3). 35 The BF3 signals usually 
were broad so the precision of the Table I1 shift data is 
about 0.1-0.2 ppm. Also shown in Table I1 are the re- 
sults for several systems containing two bases. In  two 
cases, signal overlap prevented an unambiguous as- 
signment of signals and the shift is designated an '(av- 
erage" value. The spectrum of Figure 4 illustrates the 
19F nmr signals arising from a BF3-1-methylpyrazole- 
pyrazole mixture. Although broadened by complexing 
in several cases, including those shown in Figure 4, the 
l9F spectrum of BF, generally is a quartet as a result 
of B-F spin-coupling. This agrees with previous ex- 
perimental and theoretical reports of 19F spectra for 
pure BF,. 

The BF3 ligand preference coordination data are sum- 
marized in Table I11 for various pairs of bases. Due to 
signal overlap in the pmr spectra, a direct measure of 
the fraction of BF3 complexed by each base was not 
always possible. In  those cases, the values shown in 
parentheses were obtained by subtraction of the mea- 
surable component from l .00. When each contribution 
was directly measured, the sum totalled essentially 1 
within 5'35, the precision of these experiments. Since 

(35) J. W. Emsley, J. Feeney, and L. H. Sutcliffe, "High Resolution Nu- 
clear Magnetic Resonance Spectroscopy," Vol. 2, 1st ed, Pergamon Press, 
NewYork, N. Y., 1966,Table 11.26. 

(38) J. Bacon, R. J. Gillespie, and J. W. Quail, Can. J .  Chem., 41, 3063 
(1963). 
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TABLE I1 
FLUORIKE-19 CHEMICAL SHIFT DATA FOR BORON TRIFLUORIDE COMPLEXES WITH PYRAZINE (Pyr), PYRIDAZINE (Pyd), 

PYRIMIDINE (Pym), 4-CYCLOPROPYLPYRIDINE (4-cyPy), 4-ETHYLPYRIDINE (4-EtPy), IMIDAZOLE (h), 
~-METHYLIMIDAZOLE (1-MeIm), PYRAZOLE (Pyra), AND ~-METHYLPYRAZOJ,E (1-MePyra) AT 94.1 MHz 

4-EtPy 

Solveuta 
A 
2-XP 
A 
2-NP 
A 
2-?JP 
A 
2-NP 
2-NP 
A 
2-NP 
2-NP 
2-XP 
2-NP 
2-NP 
2-NP 
2-XP 

1-MePyra 2-NP 

1-MeIm, Pyra 2-NP 

1-MePyra, Im 2-XP 

1 -MePyra, Pyra 2-NP 
1-MeIm, 1-MePyra 2-NP 

Solvents: A, acetone; 2-NP, 2-nitropropane. 

8F3: I -Me Pyra:Pyra:Z-NP 
1.00: 1.65 :1.60 16 B F 3 - P y r a  

1'-20*c 

Mole ratios, 
Base($ : BFs:solv 

1.24:l.OO:lO 
2.93:1.00:29 
3.00:1.00:29 
3.06:1.00:29 
3.@0:1.@0:29 
2.66: 1 , O O :  25 
2.90:2.96:1.00:28 
2.70:2.70:1.00:25 
2.66:2.84:1.00:28 
2.90:2.85:1.00:27 
2.87:2.83:1.00:25 
2.87:1.00:26 
3.00:1.00:29 
2.88:2.81:1.@0:28 
2.94:1.00:30 
2.92:1.00:29 
3.15:1.00:31 

3.10:1.00:31 

1.7@:1.70:1.00:17 

1.60:1.60:1.00:16 

1.65:1.60:1.00:16 
1.60:1.60:1.00:16 

t I 4 i . O p p W  t146.Sppm 

Figure 4.--The fluorine-19 nuclear magnetic resonance spec- 
trum of a BF3-l-methylpyrazole-pyrazole mixture in 2-nitro- 
propane, recorded at  94.1 MHz on a Varian HA-100 spectrometer. 
The signals arising from the BF3-l-methylpyrazole (BF,-l- 
MePyra) and BF8-pyrazole (BFs-Pyra) adducts are labeled and 
the mole ratios of all species are shown. 

all the BFa was complexed, the relative areas of the lgF 
signals were compared. The distribution of the BF3 be- 
tween each complex calculated in this manner agreed 
with values derived from proton data. With three 
base pairs, only one 19F signal was observed, an indi- 
cation that complexing by one component was com- 
plete. These entries are shown as 1.00 values for the 
19F integrations. 

Discussion 
It is evident from the spectra of Figures 2-4 that the 

ability to slow ligand exchange in Lewis acid-base sys- 
tems provides a valuable mechanism for directly study- 
ing several aspects of the complexing process. In these 
systems, the bound-bulk ligand proton chemical shift 

Temp, 
"C 

+ 5 
+5 
+ 5  
+5 
+5 
- t 5  
+5 
+ 5  
+5 
$5 
3-5 
+ 5  
+5 
+ 5  
- 20 
+ 5  

+45 
- 20 
+35 
- 20 + 35 
- 20 
+35 
- 20 
- 20 
+35 
- 20 

8, ppm- 
A 

-t 149.3 
+149.9 
+149.5 
4-150.0 
4-148.0 
+148.7 

+149.9 
$150 (av) 
f149.6 
f150.1 
f149.7 
4-149.6 
+l50 (av) 
+146.5 
$146.9 
+146.9 
+146.7 
+145.0 
+145.0 
4-146.6 
+146.4 

-+- 149.4 

. . .  

. . .  
+145.0 
$146 6 
f146.4 

--7 

B 
. I .  

. . .  

. . .  

. . .  

. . .  

. . .  
$148.1 
+148.6 

$148.0 
$148.6 

. . .  

. . .  

. . .  
, . .  

I . .  

. . .  

. . .  

. . .  

. . .  

. . .  
+146.5 
$146.3 
+146.5 

. . .  

. . .  

differences vary from -0.1 to 1 ppm, indicating that 
the lifetime of a ligand molecule in a particular environ- 
ment a t  0" is of the order of r 2i 10/2aAv s 0.1 sec.37 
Although i t  is not certain without a knowledge of the 
exchange mechanism, this slow exchange rate at a rel- 
atively high temperature for this type of study may re- 
flect the strength of the BF3-base complex. For exam- 
ple, the BF3 complexes with acetone or diethyl ether,1ja18 
both weaker bases, must be cooled to about -100" to 
produce a comparable exchange rate. 

In the six-membered ring systems, the interaction 
site is the pyridine nitrogen atom or one of the two 
equivalent nitrogen atoms in the remaining compounds. 
However, the presence of a proton or methyl group on 
the imidazole and pyrazole rings presents the possibil- 
ity of complexing a t  either nitrogen site in these mole- 
cules. One would anticipate that the BFs molecule 
and the proton, both strong Lewis acids, would be a t  dif- 
ferent nitrogen atoms when complexing occurs with 
imidazole and pyrazole. Thus, if the I-N position is 
assigned to the proton, the BF3 would reside a t  the re- 
maining nitrogen atom. Substitution of the proton 
with the electron donating methyl group should make 
the 1-N position more basic in I-methylimidazole and 
1-methylpyrazole. However, our chemical shift data, 
proton and probably 19F, strongly imply that complex- 
ing occurs a t  the 2-N position in I-methylpyrazole and 
the 3-N site in 1-methylimidazole, as a result of steric 
hindrance. In both systems, the bulk-bound methyl 
group separation is only about 0.2 ppm. In contrast 
to this result, methyl group separations are much larger 
in complexes of acetone (0.8 ppm),lL dimethyl ether 
(0.6 ppm),l5 dimethyl sulfoxide (0.6 ppm),I8 dimethyl- 
formarnide (0.4 ppm), l5l1* and tetramethylurea (0.3 
ppm).18 One might assume that if complexing were oc- 

(37) H. S. Gritowsky and C. H. Holm, J .  Chcm. Phys. ,  26, 1228 (1956). 
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TABLE I11 
PROTON AND FLUORINE-19 LIGAND PREFERENCE COORDINATION DATA FOR BORON TRIFLUORIDE COMPLEXES WITH 

IMIDAZOLE (Im), 1-METHYLIMIDAZOLE (1-MeIm), PYRAZOLE (Pyra), AND 1-METHYLPYRAZOLE (1-MePyra) 
PYRAZINE (Pyr), PYRIDAZINE (Pyd), PYRIMIDINE (Pym), 4-CYCLOPROPYLPYRIDINE (4-cyPy), 4-ETHYLPYRIDINE (4-EtPy), 

Bases-- 7 Mole ratios, Temp, BFa fraction component 
A B Solventa A:  B : BFs: solv OC Nucleus A B 

PYr Pyd 2-NP 2.75:2.75:1.00:25 0 " (0. 05)b 0.95 
Pyr Pym A 2.90:2.96:1.00:28 - 20 'H (0. 27)b 0.73 

+ 5  l9F 0.31 0.69 
Pyr Pym 2-NP 2.70:2.70:1.00:25 0 " 0.31 0.69 

+5 l9F 0.28 0.72 
PYd 

PYd 

Pyd 

4-CyPy 
4-CyPy 
1-MeIm 

1-MePyra 

1-MePyra 

Pym 

Pym 

Pym 

4-EtPy 
4-EtPy 
Pyra 

Im 

Pyra 

A 

A 

2-NP 

2-NP 
DCM 
2-NP 

2-NP 

2-NP 

2.90:2.85:1.00:27 

3.02:2.90:1.00:29 

2.85:2.85:1.00:25 

2.88:2.81:1.00:28 
2.80:2.78: 1.00:28 
1.70:1.70:1.00:17 

1.60: 1.60: 1 .OO: 16 

1.65:1.60:1.00:16 

0 
+ 5  

0 
$5 

0 
$5 

0 
0 

+35 

- 20 
+35 

- 20 

+35 
- 20 

'H 
lgF 
'H 
19F 
'H 
I9F 
'13 
" 
" 
19F 
l9F 
" 
l9F 
" 
l9F 
" 
'QF 

0.77 
0.86 
0.80 
0.86 
0.85 
0.86 
0.50 
0.46 
1.03 
1.00 
1.00 
. . .  
. . .  
. . .  
. . .  

0.11 
0.13 

(0.23)b 
0.14 

0.14 
(0.15)b 
0.14 
0.57 
0.55 

(0.20)b 

. . .  

. . .  

. . .  
1.05 
1.00 
1 .05  
1.00 
0.87 
0.87 

1-MeIm 1-MePyra 2-NP 1.60:1.60:1.00:16 +35 " 1.10 . . .  
l9F 1 .00 . . .  - 20 19F 1.00 . . .  

0 Overlap or low intensity prevented a direct signal a Solvents: A, acetone; 2-NP, 2-nitropropane; DCM, dichloromethane. 
integration. Values in parentheses were obtained by subtraction of the second base contribution from 1.00. 

curring a t  the 1-N position in these molecules, the dis- 
placement of the methyl signal would exceed 0.2 ppm. 
Also, the l9F signal for the BF3 complexes of these mol- 
ecules differs significantly only in the case of l-methyl- 
pyrazole, where the steric effect would be pronounced 
even with addition a t  the 2-N position. Although 
qualitative, the evidence seems to indicate complex 
formation at  the 2-N and 3-N positions of l-methyl- 
pyrazole and 1-methylimidazole, respectively. An 
attempt to add a second molecule of BFI to these 
complexes resulted in viscous samples and broad, in- 
conclusive proton and IgF spectra. 

Although the proton chemical shift data of Table I 
cannot be interpreted in a rigorous, quantitative man- 
ner, there are several features of interest. For example, 
the observed bulk -complex chemical shift separations 
are not solvent dependent to any extent in those cases 
where a comparison is possible. Thus, the Av(C-B) 
values are an accurate measure of the effect of complex 
formation on this nmr parameter. More impor- 
tantly, in the six-membered ring systems, the greater 
displacements are observed for the signals of protons 
further removed from the nitrogen interaction site 
when complexing with BF3 occurs. In the pyrimidine 
60-MHz spectra, the 2- and 6-CH pmr signals undergo 
a displacement of about 20 Hz, while the 4- and 5-CH 
signals are displaced by about 40 Hz. This also is true 
with the coordinated pyridines, where the 3- and 5-CH 
pmr signals are displaced by twice the amount observed 
for the 2- and 6-CH peaks. In contrast to this result, 
when the partially unsaturated imidazoles and pyra- 
zoles form BF, complexes, the signal arising from the 
proton closest to the nitrogen interaction site is dis- 
placed furthest. Finally, when the more acidic BCb 
was used in place of BF3 with the two pyridines, the 
situation was reversed and the greater displacement 
was observed for the 2- and 6-CH signals. 

These results reflect the contribution of more than 
one process to the observed shifts. An electrostatic 
process dominates in the BCb-substituted pyridine 
cases, causing a decreased shielding a t  the 2- and 6-CH 
sites, with an attenuation of this effect a t  sites further 
removed. However, the BF3-complex data for the 
completely unsaturated ligands reveal the presence of 
an effect which is of more importance a t  the protons 
closer to the nitrogen atom interaction site. Previous 
pyridine protonation, 38-40 cation solvation,41 and boron 
trihalide studies gave similar results 
which were interpreted in terms of an energy level mix- 
ing of the unshared electron pair on the nitrogen atom 
of pure ligand.42 The fact that  the 2- and 6-CH pmr 
signal pattern of pure pyridine appears downfield from 
the remaining pmr peaks is attributed to this paramag- 
netic effect. Complex formation binds the electron 
pair thereby minimizing this process. A cancelation of 
these electrostatic and paramagnet.ic contributions 
causes a diminution of the low field displacement. 
This argument still is not sufficient, since the 3- and 
5-CH proton shifts in the pyridines are similar in the 
BF3 and BC13 complexes. One or more other effects 
also must be operative. 

Although one would expect the paramagnetic effect to 
prevail in the imidazoles and pyrazoles, the chemical 
shift data of Table I indicate that this is not the case. 
An important structural difference between these ligands 
and the six-membered ring systems just discussed is the 
degree of r-electron character in the ring system. The 
more localized nature of the r bonds in imidazole and 

(38) W. S. Brey, M. E. Fuller, G. E. Ryschkewitsch, and A. S. Marshall, 

(39) R. Hoffmann, ref 38, p 78. 
(40) J. D. Baldeschwieler and E. W. Randall, Pvoc. Chem. Soc., London, 

(41) A. Fratiello and E. G. Christie, Tvans.  Favaday Soc., 61, 306 (1965). 
(42) A. Saika and C. P. Slichter, J .  Chem. Phys . ,  22, 26 (1954). 

Advan. Chem. Sev., No. 42, 100 (1964). 

303 (1961). 
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pyrazole may be the factor which removes the “para- 
magnetic” effect. At this point one can only state that  
a-electron participation in the complexing process is a 
possibility with completely unsaturated ligands. 14N 
and I3C nmr studies presently planned should prove to 
be a definitive supplement to these prnr results. 

The data of Table I1 reveal that the I 9 F  chemical 
shifts of the BF3 complexes all lie within a range of 
3-4 ppm, and the position is solvent dependent to the 
extent of -0.5 ppm. One would anticipate from the 
data for BF3 complexes with pure pyrazine and pyrida- 
zine or pure 4-cyclopropyl- and 4-ethylpyridine that 
mixtures of these bases would produce superimposed 
signals. However, it was possible to study several 
combinations of bases to supplement the proton coordi- 
nation measurements. 

The pmr coordination data of Table I illustrate the 
principal advantage of this technique, namely, the 
ability to determine quantitatively the stoichiometry 
of the complex. Simple 1: 1 complexes were antici- 
pated in these systems, and within a few per cent, this 
was observed with each ligand. As shown in Table 
111, this approach also allows a direct comparison of the 
relative basic strengths of a series of ligands toward a 
boron trihalide. For example, the proton integration 
results for the pyrazine, pyridazine, and pyrimidine 
series clearly show that pyridazine is the most effective 
ligand of the three in binding BF3. This compound 
binds essentially all the BF3 in the presence of pyrazine 
and about 80yo in the presence of pyrimidine. In turn, 
pyrimidine binds -70y0 of the BF3 in the presence of 
pyrazine. The I9F nmr integration data support these 
observations. One must conclude, therefore, that to- 
ward BF3 the relative basicities of these ligands decrease 
in the order pyd > pym > pyr. This trend correlates 
well with the ~ K B H +  data for these species derived from 
protonation experiments. Thereto, the relative ba- 
sicities decrease in the order: pyd ( ~ K B H +  = 2.3) > 
pym (pKBH+ = 1.3) > pyr ( ~ K B H +  = 0.6) .43*44 

Similarly, protonation experiments demonstrate 
roughly equal basicities for 4-cyclopropylpyridine 
(pKBH+ = 6.2)34 and 4-ethylpyridine ( ~ K B H +  = 
6.0) . 4 4  This situation parallels their behavior toward 
BF3, as seen from the pmr coordination data of Table 
111. Each ligand complexes roughly 50% of the BF3 
present in these systems. 

The results obtained with combinations of the imid- 
azoles and pyrazoles may be summarized as follows. 

(43) A. Albert and E. P. Serjeant, “Ionization Constants of Acids and 

(44) D. D. Perrin, “Dissociation Constants of Organic Bases in Aqueous 
Bases,” Wiley, New York, N. Y., 1962, p 145. 

Solution,” Rutterworths, London, 1965. 

A. FRATIELLO, R. E. SCHUSTER, AND M. GEISEI, 

The BF3 combines solely with 1-methylimidazole when 
the second base is imidazole, pyrazole, or l-methyl- 
pyrazole. The imidazole-1-methylimidazole pair was 
studied previously.I6 A competition for the BF3 occurs 
when pyrazole and 1-methylpyrazole are paired, and, 
finally, imidazole complexes the BF3 totally in the 
presence of 1-methylpyrazole. These conclusions are 
supported by the proton and “F shift and area data, 
For instance, only one 19F signal is observed in each 1- 
methylimidazole solution spectrum, and the resonance 
position clearly identifies it with the BF3 complex of this 
component. The proton spectra also exhibit bound 
ligand signals only for this base. Mixtures of pyrazole 
and 1-methylpyrazole show bound ligand signals for 
both components in the proton spectra, and two l9F 

peaks (see Figure 4). The areas indicate that about 
87% of the BF3 is complexed by pyrazole and the re- 
mainder by I-methylpyrazole, Finally, the one 19F 

signal observed in the imidazole-1-methylpyrazole case 
corresponds closely to the BF~-imidazole complex, 
while bound ligand signals were observed only for this 
base. The presence of extraneous proton and 19F sig- 
nals precluded the study of the imidazole-pyrazole pair. 
Although i t  is conceivable that this complication is 
caused by proton transfer and subsequent BF3 complex 
formation with the resultant anion, 45 this feature was 
not explored. However, the data of Table I11 still 
lead to the following quantitative order of relative ba- 
sicities toward BF3: 1-MeIm (~KB,+  = 7.1) > Im 
( ~ K B H +  = 7.0) > Pyra ( ~ K B H +  = 2.5) > 1-MePyra 
( ~ K B H +  = 2.0). This trend closely parallels the pro- 
ton basicity data shown in par en these^,^^,^^ although 
our data would suggest a greater basicity difference for 
the imidazole-1-methylimidazole pair than that arrived 
a t  by other methods.44 An empirical estimate would 
be a t  least 1 pK Since the presence of a 
methyl group should make 1-methylpyrazole a more 
basic species than pyrazole, our results may reflect steric 
hindrance to complex formation in the former case. 
This is reasonable in view of the proximity of the two 
nitrogen atoms in this molecule. 
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