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Z(acac))+ peak (VII) increases, as would be expected 
from this approach. 

In  discussing these results we have not considered 
the geometry of the species, e.g., whether the L2Cr+ 
ions are tetrahedral or square planar. We have as- 
sumed that any geometrical rerrangement does not 
have a great effect on the mass spectra. The results 
suggest that this is a valid assumption, since, apart 

from the electronic effects of one ring a t  the central 
metal atom, the rings fragment independently of each 
other, and in most cases one ring fragments completely 
before fragmentation of the next begins3 
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A proton magnetic resonance ligand preference study of complexes of acetone (A),  diethyl ether (EE), N,N-dimethylform- 
amide (DMF) ,  dimethyl sulfoxide (DMSO), tetrahydrofuran (THF) ,  tetramethylene sulfone (TMS02), tetramethylene 
sulfoxide (TMSO), and tetramethylurea (TMU) with boron trifluoride has been completed. By adding boron trifluoride 
to pure, excess ligand and cooling to temperatures suitable to  slow solvent exchange, proton magnetic resonance signals 
were observed for bulk and complexed ligand molecules. By studying samples containing two organic bases and integrating 
all signal areas, a direct, quantitative measure was made of the amount of boron trifluoride complexed by each component. 
In  this way complexing ability was estimated to  decrease in the order TMSO > DMF,  DMSO > TMU >> THF >> EE > -4 > 
TMS02. This order reflects the relative basic strengths of these molecules toward BF,. 

Many 
Introduction 

and spectroscopic6-'2 studies 
of metal ion or boron trihalide complexes have been 
carried out with the purpose of assessing the relative 
acceptor strengths of these Lewis acids or the donor 
strengths of the variety of organic bases investigated. 
Some of these representative calorimetric studies in- 
clude complexes of the boron trihalides with pyridine 
and nitrobenzene,' alkyl ethers, sulfides, and amines,2 
and dimethyl sulfoxide and ethyl a ~ e t a t e . ~  By similar 
methods, the relative acceptor strengths of the gal- 
lium halides toward pyridine and triethylamine4 and 
ethyl ether and methyl and ethyl sulfides5 have been 
estimated. Nuclear magnetic resonance (nmr) chemi- 
cal shift investigations of boron trihalide complexes 
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include ligands such as trirnethylaminej6 ethersj7v8 
benzophenone, pyridine, and triethylamine (IlB reso- 
n a n ~ e ) , ~  N,N-dimethylformamide,lo ureas and thio- 
ureas,ll and water (I9F and proton resonance).I2 The 
proton magnetic resonance (pmr) studies are based on 
the observation of chemical shift differences between 
pure ligand and the presumed 1 : 1 complex, each invest- 
igated in an inert solvent. It has been demonstrated re- 
centlyI3-l5 that a more quantitative approach involves 
the study of the complex in the presence of excess 
ligand, a t  temperatures low enough to slow solvent 
exchange and permit the direct observation of pmr 
signals of bulk and complexed molecules of the base. 
This method allows a more accurate measure of the 
chemical shift separation between pure and com- 
plexed ligand proton signals and a quantitative measure 
of the composition of the complex. Systems already 
reported include ethers, l 3 , I 4  pyridines,'5 and several 
biochemicals. I5 

Another problem which has been approached by a 
variety of experimental methods is the evaluation of 
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relative basicities of organic molecules. In a compre- 
hensive review of a wealth of protonation basicity 
data, Arnett16 has pointed out many of the difficulties 
encountered with these conductivity, cryoscopic, spec- 
troscopic (nmr, Raman, uv) ~ and titration techniques, 
among others. The pmr method to be discussed here 
may provide a more suitable way of estimating relative 
basicities toward a variety of Lewis acids in a less 
ambiguous manner. The compounds chosen, namely, 
acetone (A), diethyl ether (EE), N,N-dimethylform- 
amide (DMF), dimethyl sulfoxide (DMSO), tetrahydro- 
furan (THF), tetramethylene sulfone (TMS02), tetra- 
methylene sulfoxide (TIMSO), and tetramethylurea 
(TMU), are commonly used, oxygen-containing bases, 
for most of which proton basicity data are available. 
Thus it was anticipated that the utility of this method 
would be clearly demonstrated. 

Experimental Methods 
All solvents were of the highest commercial quality available, 

and with the exception of acetone and DMF,  which decompose 
with such treatment, they were dried over molecular sieves before 
use. Samples were prepared in vucuo by adding fractionated 
BF3 to mixtures of the pure solvents. They were then sealed 
and stored in liquid nitrogen until the spectrum could be recorded. 
Duplicate samples were prepared for each system. 

The spectra and peak area integrations were recorded in tripli- 
cate on a Varian A-60 nmr spectrometer, equipped with a variable- 
temperature device permitting measurements from - 150 to  
+200°. The experiments were carried out by preparing a 
sample containing two organic bases and BFa, cooling the sample 
to  slow solvent exchange, and recording the spectrum, which 
revealed in all cases signals arising from bulk and complexed 
molecules of one or both solvent components. Peak area in- 
tegrations then gave a quantitative measure of the amount of 
BFs complexed by each solvent component. A more complete 
description of the pmr experiments has been provided pre- 
v i ~ u s l y . ' ~ - ~ ~  

Results 

The amounts of BF3 complexed by each solvent 
component of several mixtures are summarized in 
Table I. Listed in the first column of Table I are the 
mole ratios of the systems studied, each containing 
two bases in approximately equal amounts, and BF3. 

TABLE I 
FRACTIONS OF BF3 COMPLEXED IN PAIRWISE MIXTURES OF 

ACETONE (A), DIETHYL ETHER (EE), N,N-DIMETHYLFORMAMIDE 
(DMF),  DIMETHYL SULFOXIDE (DMSO), TETRAHYDROFURAN 

(THF) ,  TETRAMETHYLENE SULFONE (TMSOz), TETRAMETHYLENE 
SULFOXIDE (TMSO), AND TETRAMETHYLUREA (TMU) 

Fractions of BFs 
Temp, complexed 

A B A: B : BFs OC A B 

DMSO 
DMSO 
DMF 
D M F  
DMSO 
DMSO 
THF 
A 
A 

TMSO 
TMSO 
DMSO 
T M U  
TMSOn 
T H F  
T M U  
T H F  
E E  

5 .0 :5 .0 :  1 
6.3:3.1:1 
5.0:5.0: 1 
5.0:5.0:1 
4 .7 :4 .7 :1  
5.0:5.0:1 
4.8:4.8:1 
4.9:4.9:1 
4.9:4.9:1 

+32 0.33 
+32 0 .47  

0 0 .46  
0 0.83 

-10 0.94 
0 0.96 

-30 . .  . 
-70 . . .  
-90 0 .46  

0.67 
0 .55  
0.44 
0.13 
. . .  
. . .  

0.96 
1.09 
0.52 

(16) E. M. Arnett, Progr. Phys.  0 7 s .  Chem., 1, 223 (1963). 

The temperatures a t  which the integrations were made 
are given in column 2. In the next two columns, the 
fractions of the BF, complexed by the solvent com- 
ponents in each system are given. A lack of an entry 
in the A-THF, DMSO-THF, DMSO-TMS02, and 
THF-TMU systems indicates signals for complexed 
molecules of the particular component were not ob- 
served. The quantities listed in columns 3 and 4 are 
precise to approximately 5-10%, as a result of small 
errors in sample preparation and signal integration. 
The low total of about 0.9 for the fraction of BF, 
complexed in the DMF-DMSO system was reproduc- 
ible and it may reflect some sample decomposition, 
probably of the DMF. Results obtained with meth- 
anol and ethanol are not included in Table I for reasons 
to be mentioned later. Several of the spectra from 
which the data of Table I were derived are shown in 
Figures 1-5. 

5A : STHF : IBF, 

zocpr 

t i  -7O'C 

B (a1 
THF 

BA 

t i0  

Figure 1.-The proton magnetic resonance spectrum of a 
5:5: 1 mole ratio mixture of A-THF-BF,, recorded a t  -70", 
on a Varian A-60 spectrometer. Signals arising from bulk 
[BTHF(LY) and BTHF(P)I and complexed [CTHF(CY) and CTHF(@)] 
T H F  and bulk acetone (BA) are labeled in the figure. 

STHF : 5TMU : IBF3 

.eOcpr, BTMU 

t -3O.C 1 :  

He 

Figure 2.-The proton magnetic resonance spectrum of a 
5:5: 1 mole ratio mixture of THF-TMU-BFI, recorded at -30", 
on a Varian A-60 spectrometer. Signals arising from bulk T H F  
[B(cY) and B(p)] and bulk (BTDIU) and complexed (CTMU) T M U  
are labeled in the figure. 
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Figure 3.-The proton magnetic resonance spectrum of a 
5:  5:  1 mole ratio mixture of A-EE-BFz, recorded at -go", on a 
Varian A-60 spectrometer. Signals arising from bulk (BA) and 
complexed (CA) acetone and bulk (BcH. and B C H ~ )  and complexed 
( C m a  and Ccx3)  diethyl ether are labeled 

SDMF : 5 D M S O : I B F j  

tlOcpr, 

I: O'C 

the figure 

I 

1 8DMS0 

Figure 4.-The proton magnetic resonance spectrum of a 
5 : 5 :  1 mole ratio mixture of DMF-DMSO-BFI, recorded a t  0°, 
on a Varian A-60 spectrometer. Signals arising from bulk 
(BDMP) and complexed (CDMP) D M F  and bulk (BD~ISO)  and 
complexed (CD~ISO) DMSO are labeled in the figure. 

Discussion 
As illustrated in Figures 1-5 which show the pmr 

spectra of several solutions of two organic bases and 
BF3, signals arising from protons of complexed ligand 
molecules are clearly evident, and although broader, 
they are similar in all respects to the corresponding 
bulk solvent signals. The large signal separations 
allow accurate integrations of all peak areas, and, con- 
sequently, as shown in Table I, they permit a quantita- 
tive measure of the ability of solvents to compete 
directly with each other for BF3. This is a much more 
reliable way of estimating ligand preferences than study- 
ing the solvents individually with BF3 and drawing 
conclusions in an indirect manner. 

S D M F .  5 T M U  IBF3 

ocpl, 
t i  0°C 

H. 

Figure 5,-The proton magnetic resonance spectrum of a 
5 : 5 :  1 mole ratio mixture of DMF-TMU-BFa, recorded a t  O", 
on a Varian A-60 spectrometer. Signals arising from bulk 
(BDMF) and complexed (CDMF) D M F  and bulk (BTMU) and 
complexed (CTMU) TMU are labeled in the figure. 

In the DMSO-THF, DMSO-ThlSO?, and as il- 
lustrated in Figures l and 2, respectively, the A-THF 
and THF-TMU solutions, the BF3 is complexed solely 
by one component within experimental error. For 
example, while T H F  complexes BF3 completely within 
the limit of the measurements in an acetone solution 
(Figure 1)) it is unable to compete with ThIU (Figure 
2 ) .  In the remaining systems listed in Table I, rep- 
resented in part by Figures 3-5 for the BFd solutions 
of A-EE, DMF-DMSO, and DMF-TMU, respectively, 
an active competition for the Lewis acid was reflected 
by the appearance of resonance signals for bulk and 
complexed molecules of each solvent component. 
From such spectral observations and from the integra- 
tion results listed in Table I, the complexing ability of 
the eight solvents toward RF3 decreases in the order 
ThISO > DMF, DMSO > T X U  >> T H F  >> EE > 
A > TMS02. Because of the high freezing point 
of TMSO?. this solvent could not be studied directly 
with acetone or ether, which requires l oa  tempera- 
tures for measurement. Thus, the position of TSISOI 
in this series is assumed, principally on the basis of the 
work of Xrnett and Douty," who demonstrated that 
the basicity of this compound in aqueous acid solution 
is comparable to that of nitromethane, which has a 

In Table 11, the dipole moments of most of these 
s0lvents1*~1~ and their relative basicities in aqueous 
solution, as indicated by their ~ K B H -  values,16b20 2 1  

PKBH+ = -12. 

(17) E. M. Arnett and C. F. Douty, J .  Am.  Chem. Soc., 86, 409 (1964). 
(18) A.  L. XcClellan, "Tables of Experimental Dipole Moments," W. H. 

(19) E. T. Strom, B. S. Snowden, Jr . ,  H. C .  Custard, D .  A. Woessner, and 

(20 )  P. Haake and I<. D. Cook, Teivahedvon L e l t e v s ,  4'27 (1968). 
(21) K. K. Anderson, TI', H. Edmonds, H. B. Biasotti, and I t .  A. Strecker, 

Freeman and Co., San Francisco, Calif., 1963. 

5. R. Xorton, J .  Oug. Chem.,  33, 2556 (1968). 
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TABLE I1 
SOLVENT DIPOLE MOMENTS A N D  RELATIVE BASICITIES 

Solvent TMSO D M F  DMSO T M U  T H F  EE A TMSOI 
,A, D (4) 3 . 9  3 . 9  3 . 9  1 . 6  1 . 1  2 . 8  4 . 7  
~ K B H +  (0-1) 0 + l t o  - 3  ( - 1 )  - 2  - 3 . 5  - 7  ( < - 7 )  

are listed. Although the dipole moment of TMSO is 
not available, it is most likely as polar in nature as 
DMSO and TMS02. Numerical values for the relative 
basicities of TMSO, TMS02, and TMU also could 
not be found, although as previously mentioned the 
low basic strength of TMSO, has been dern0n~trated.I~ 
A value of ~ K B H +  equal to -1 is included in Table I1 
for TMU,  this value corresponding to the basicity of 
urea and N-methylurea.16 One must recognize the 
inherent differences between aqueous solution media 
and the solvent systems under study here, mixtures 
of two organic bases. Thus ~ K B H +  values may re- 
flect solvation effects, similar to that recently pro- 
posed for the 2,B-di-t-butylpyridine system. 22 In 
addition, the more bulky nature of a Lewis acid such as 
BF3 introduces the possibility of steric hindrance to 
complex formation. Thus, while the relative basicities 
of the compounds in Table I toward BF3 are established 
by this nmr method, any correlation of these basicity 
results with those observed in aqueous solution must 
be made with caution, and it can only be qualitative. 

From Tables I and 11, it is obvious that a correlation 
of complexing ability with dipole moment does not 
exist. For example, acetone and TMS02 have dipole 
moments similar in magnitude to those of DMF and 
DMSO, yet the latter are much more effective in com- 
plexing BF3. Also, E E  and T H F  complex BF3 more 
readily than acetone, which has a higher dipole moment. 
However, a similarity of this trend in complexing 
ability with the relative basicities of the eight solvents 
in aqueous solution is evident. The most basic com- 
pounds in aqueous solution, DMF and the sulfoxides, 
readily complex BF3, while weakly basic A, EE, THF,  
and TMS02 are much less effective in this regard. 
These results exactly parallel those obtained by several 
nmr solvation studies of Al(II1) in aqueous mixtures 
of all of the solvents listed in Table I, with the exception 
of EE. 23-25  Coordination numbers obtained by direct 
observation and integration of proton resonance signals 
arising from bulk and complexed water molecules and 
molecules of the nonaqueous component revealed a 
trend in complexing ability toward Al(III), similar to 
that observed here using BF3. For example, while 
DMF, DMSO, and TMSO were able to solvate AI(II1) 
in aqueous solution, acetone, THF,  TMU, and TMSO2 
were completely inactive and behaved merely as 
diluents. 

(22) D. H. McDaniel and M. Ozcan, J. Oyg. Chem.., 33, 1922 (1968). 
(23) A.  Fratiello, R.  E. Lee, V. M .  Nishida, and R.  E. Schuster, J .  Chem. 

(24) A. Fratitllo, R. E. Lee, V. M. Nishida, and R.  E. Schuster, ibid., 48, 

(25) A. Fratiello, R .  E .  Lee, V.  M. Nishida, and R. E. Schuster, Inorg. 

Phrs. ,  47, 4951 (1967). 

3705 (1968). 

Cheni., 8, 69 (1969). 

A comparison of the results shown in Table I and 
the relative aqueous solution basicities of Table I1 
seems to indicate that if the PKBH+ values of two ligands 
differ by more than 1 unit, complexing of BF3 will 
occur primarily by the more basic component, in the 
absence of the solvation and steric effects mentioned 
above. For example, TMU ( ~ K B H +  = - 1) complexes 
only a small fraction of BF3 in the presence of the more 
basic DMF ( ~ K B H +  = O),  but TMU complexes all 
of the BF3, within experimental error, in a mixture 
with T H F  ( ~ K B H +  = - 2 ) .  This empirical observa- 
tion may imply that the ~ K B H +  value of DMSO lies 
closer to 0 or 1 ,21  rather than -3.20 In aqueous solvent 
mixtures, as previously mentioned, DMSO also ex- 
hibits a greater basic strength toward hydrated AI(II1) 
than T H F  or TMU.23s25 However, in view of the 
problems involved with drawing an analogy to aqueous 
solution results, this feature should serve only as a 
stimulus for further experimentation and comparison. 

The different basicities exhibited by A and EE  in 
aqueous solution and toward BF3 reflect the steric and, 
perhaps, the solvation effects noted previously. Since 
these compounds complex almost equal fractions of 
BF3, their relative basic strengths in these systems 
must be about equal. Molecular models indicate the 
A-BF3 complex encounters much less steric hindrance 
than the BF3 complex with the more bulky EE. 

A brief comparison may be made of the two DMSO- 
TMSO mixtures studied. In a 5 : 5 :  1 mole ratio mix- 
ture of DMSO-TMSO-BF3, respectively, TMSO com- 
plexes two-thirds of the BF3 present. This fact 
implies a greater basicity for this molecule as compared 
to DMSO. However, one can compensate for the 
effect of basicity by adjusting concentrations, as shown 
by the second entry for this pair in Table I. When 
the concentration of DMSO is twice that of TMSO, the 
two components complex roughly equal amounts of 

Several measurements also were made of methanol 
and ethanol mixtures with DMF and DMSO but some 
confusing observations prevent any definite conclusions 
from being drawn. In these systems, separate reso- 
nance signals were observed for bulk and complexed 
molecules of DMF and DMSO, but only one set of sig- 
nals for either alcohol. This in itself is not too sur- 
prising since a previous study of CH30H-BF3 com- 
plexes14 revealed a separation of only -5 cps between 
the methyl proton signals of the bulk and complexed 
molecules. Also, the hydroxyl signals could not be 
separated even a t  - loo", presumably because of a 
very rapid proton exchange.14 However, an integration 
of the DMF and DMSO signals resulting from their 
respective alcohol mixtures indicated only about 30% 
of the BF3 was complexed by these compounds. This 
fraction decreased to about 0.20-0.25 when the samples 
were allowed to stand a t  room temperature for any 
period of time. Since this fact may reflect a de- 
composition of these alcohol samples or some process 
such as proton exchange, which occurs in these systems, 
the results which imply a greater basicity of the alcohols 

BF3. 
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toward BFa than DMF or DMSO must be considered 
as not reliable a t  the present time. 

An extension of these ligand preference studies to a 
wide variety of organic bases, including compounds 
of biological importance, is now in progress. These 
boron trihalide complexes are also being studied using 
boron-11, fluorine-19, and nitrogen-14 nmr, as well as 

the chemical shift and peak intensity methods de- 
scribed here and in previous reports.13-15 
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The stopped-flow apparatus has been used to  determine the kinetics of reaction between manganese(II1 j and the reductants 
NH30H+, TU"30CHa+, and HNOn at 25" in acid (0.50-3.70 M )  perchlorate media. Nitrate was determined as a product of 
oxidation of hydroxylamine. Stoichiometric measurements with Mn(II1)  in excess were used to  analyze the kinetic data  
with excess of substrate in terms of the reactions 

GMn(II1) + NHaOH+ + 2H,O --f GMn(I1) f XOS- f 8 H +  

2Mn(III)  + 21iH30CH3- --+ 2Mn(II)  + NzHB(OCH3j2+ + 3H'  

2Mn(I I I )  + HNOZ + HzO + 2Mn(I I )  + SOS- + 3 H -  

All reactions were second order over-all, and first order in each reactant. The reactions were also independent of initial 
concentration of reactants, [MnZT],  [NaClOa], [ N a i S 0 ~ ] ,  ionic strength, and wavelength. The observed rate constant 
was dependent on acidity. A mechanism consistent with these results was postulated, in which the rate-determining steps 
involve the formation of the NH20. ,  .NHOCH,, and .NO2 radicals for the reactions with "JOH', NH30CH3+, and 
"02, respectively. With the primed rate con- 
stant designating MnOH2+ reaction, the rate constants for the rate-determining steps are: XHaOH-, k~ = (1.4 k 0.1) X 
l o 3  M-' sec-l, kl' = (3.1 f 0.3) X lo3 M-' sec-'; NH30CHSf ,  k3' = 6.1 i 0.4 M-' sec-', k3  < 0.5 M-1 sec-'; HNO?, 
kj = (2.2 =t ,0.2) X lo4 M-' sec-I, k b '  = (4.9 =t 0.4) X lo4 M-1 sec-1. The relative slowness of the reaction with "3- 

OCH3+ is ascribed to  the lack of hydrogen bonding in this system. 

The acidity dependence arises from reaction with Mn3+ and h,lnOH2+. 

Introduction 

In this paper we report a study of the stoichiometry 
and kinetics of the reactions between manganese(II1) 
and hydroxylamine, 0-methylhydroxylamine, and ni- 
trous acid in aqueous perchloric acid. The reactions 
were studied by standard analytical methods, and the 
kinetics have been investigated using a stopped-flow 
apparatus. Relevant equilibrium data for these re- 
actants are summarized in Table I. 

Many examples of metal ion oxidations of nitrogen 
bases such as those considered here may be found in the 
literature. The reactions are often characterized by 
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Research Grant GM-08893-07 from the National Institute of General Medi- 
cal Sciences, Public Health Service, and in part by National Science Founda- 
tion Grant GP-4277. 
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Soc., A ,  534 (1966); (c) D. G. M. Diaper and F. R. Richardson, Can. J .  
Chem., 34, 1835 (1956); (d) S. R .  Cooper and J. B. Morris, Anal .  Chem., 24, 
1360 (1952); (e) T. H .  James, J. A m .  Chem. Soc., 61, 2379 (1939); 64, 731 
(1942); ( f )  C. P. Lloyd and W. F. Pickering, J .  Inorg. Nucl. Chem., 29, 1907 
(1967); (9) N .  HlasivcovP, J. KovLk, and J. Zj.ka, Collection Czech. Chem. 
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large and complex over-all stoichiometries. 2 , 3  As a 
result, relatively few kinetic studies have been at-  
tempted on these systems. Interpretation of kinetic 
data is simplified by the use of the well-characterized4 
hIn(II1)-Mn(I1) system in the presence of a large 
excess of Mn(I1). The forniation of radicals in these 
systems has been demonstrated by esr, as in the oxida- 
tion of hydroxylarnine.js6 Comparison with the oxida- 
tion of 0-methylhydroxylaminej provides further in- 
sight into the nature of the primary steps. It will 
also be shown that a knowledge of the kinetics of oxida- 
tion of nitrous acid is useful in understanding the re- 
action with hydroxylamine. 

(3) R. F. Riley, E. Richter, E.  Rotherham, S. Todd,  L. S. Myers, and K .  
Nusbaum, J. A m .  Chem. Soc., 76, 3301 (1954); H. Holzapfel, Wiss .  2. L i n i v .  
L e i p z i g ,  Math. Aiatuvuriss. Reihe, 4, 30 (1952); Chem. Absfv., 47, 10387 (1953); 
S. Vivarelli, A n n .  Chim. (Rome), 41,  415 (1951); R .  K. Trivedi, C. C. Shah,  
and D. K .  Patel, J. Indian Chem. Soc., 23, 361, 403 (1948); F. Feigl, M i h v o -  
chim. Acta, 1, 127 (1937); A. Kurtenacker and J. Wagner, 2. Anovg. Allgem. 
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