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Chemical  shi f ts in carbon-13 nuclear magnetic resonance spectra of  te t raa lky lammonium ions, tetraalkylbo- 
r ide ions, and  tr ia lkylboranes correlate l inear ly w i t h  calculated chemical  shi f ts o f  the corresponding isoelectron- 
i c  hydrocarbons. Addi t ive subst i tuent effects o n  chemical  shi f ts for  charged and  neutra l  n i t rogen and charged 
and  neutra l  boron also are reported. Aromat ic  solvent induced shi f ts o f  te t raa lky lammonium tetraalkylborides 
in par ts  per m i l l i o n  are smal ler  in carbon-13 nmr spectra than  in proton nmr spectra. 

As part of a broad investigation of the properties of chemical shifts of tetraalkylammonium ions, tetraalkylbo- 
tetraalkylammonium tetraalkylborides we have obtained ride ions, and trialkylboranes. An extensive correlation of 
carbon-13 nmr spectra of some tetraalkylammonium ha- primary, secondary, and tertiary amine 13C chemical 
lides and tetraalkylborides, as well as some trialkylbo- shifts is already available.3 
ranes. Because the effects of substituents on carbon-13 
chemical shifts are largely additive,1*2 it is usually possi- Experimental Section . -  

ble to predict new 13C-nmr spectra from Previous Spectra 
of similar compounds. In this Paper we report COrrelationS 
of 13C chemical shifts which may be used to predict 

Tet rae thy lammonium iodide (Eastman) was dr ied a t  50" for 5 
hr a t  10-5 Torr. Other te t raa lky lammonium salts and t r ia lky lbo-  
ranes were obtained and pur i f ied as described elsewhere.4 
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Carbon-13 nmr spectra were obtained at 25.2 MHz with a Var- 
ian XL-100 spectrometer equipped with 15-in. magnet and Digi- 
lab Model 'FTS-NMR-3 Fourier transform accessory and con- 
trolled by a Nova 1200 computer. Fourier transforms of 100-800 
transients used 16K data points for completely proton decoupled 
spectra and 32K data points for off-resonance decoupled spectra. 
Solutions of 2.6-22.6 mol % tetraalkylammonium salt or 41-53 
mol % trialkylborane in CDC13 or CeD6 were used at 35". Deuteri- 
um in the solvent served as the lock signal, and TMS was used as 
an internal reference. 

Results and  Discussion 
Chemical Shifts. Carbon-13 chemical shifts of tetraal- 

kylammonium salts and trialkylboranes are in Tables I and 
11. Assignments of the individual carbon resonances in 
tetraalkylammonium halides were made by correlation of 
the data for the six cations in Table I with previously re- 
ported substituent parameters for hydrocarbons. Assign- 
ments for the tetraalkylborides were made by the same 
method after the tetraalkylammonium ion chemical shifts 
were established. Off-resonance decoupled spectra were 
employed to resolve a few otherwise ambiguous assign- 
ments. 

There are two discrepancies between our assignments 
and literature data. The chemical shifts of tri-n-propylbo- 
rane reported by Weigert and Roberts5 are in error. They5 
concur with our assignments which are based on the width 
of the C, resonance from coupling to boron and an off-res- 
onance decoupled spectrum which distinguishes Cg from 
C,. For trimethyl-n-hexylammonium bromide ( N1116Br)~ 
our assignments of Cg and C, in the n-hexyl group reverse 
the assignments of Cordes and coworkers.7 Otherwise 
their chemical shifts in water and ours in CDC13 agree 
well. Their assignments are based on the principle that 
the 13C spin-lattice relaxation time ( T I )  for Cg should be 
less than TI for Cy, but their measured values of TI for 
the two carbon atoms in question are within experimental 
error of one another, Our assignment is based on the fit of 
experimental data to chemical-shift correlations. Use of 
their assignments with our data results in much larger 
standard deviations in linear chemical-shift correlations 
and additive substituent parameters reported later in this 
paper. Consequently, we believe that the Cg and Cy as- 
signments of all three trimethyl-n-alkylammonium bro- 
mides reported by Cordes and coworkers7 should be re- 
verse d. 

Spectra of two samples of N1116B1116 in CDC13 which 
differ in concentration by a factor of 4.1 are nearly identi- 
cal; all chemical shifts agree within 0.2 ppm. Most chemi- 
cal shifts of our tetraalkylammonium ions are essentially 
independent of the counterion except for the two C, reso- 
nances of N1116, which appear at  higher field with the 
smaller Br- counterion than with the larger B1116, and 
the Ca resonance in the ethyl group of Nz226, which ap- 
pears at lower field with Br- than with B2226. 

Aromatic Solvent Induced Shifts. The proton reso- 
nances of tetraalkylammonium and tetraalkylboride ions 
experience large aromatic solvent induced shifts (ASIS), 
defined as the difference in chemical shifts of a given nu- 
cleus X relative to an internal standard in benzene and in 
CDC13 (eq 1). A comparison of carbon-13 and proton ASIS 

values for 20 mol YO solutions of tetraalkylammonium 
tetraalkylborides is in Table 111. For CH2 groups attached 
to charged nitrogen or boron, ASIS values are consistently 
larger in proton spectra than in carbon-13 spectra. Carbon 
chemical shifts in general are no more sensitive to solvent 
diamagnetic anisotropy than are proton chemical shifts, 
although sensitivities of both nuclei depend on their site 

factoms Carbon chemical shifts are also insensitive to 
intramolecular diamagnetic ani~otropies.~ 

Coupling Constants. The a-carbon resonances of all 
tetraalkylammonium ions in TabIe I exhibit coupling to 
14N of JCN = 2.0-4.5 Hz. In some spectra no discrete 1:l:l 
triplets appear, but the a-carbon resonances are 6-8 Hz 
wide at  half-height. Similar JCN values in tetraalkylam- 
monium ions have been observed before.537 

AI1 of the a- and y-carbon resonances of the tetraalkyl- 
boride ions in Table I appear as 1:1:1:1 quartets because 
of coupling to 1lB with J(C,B) = 39.7-40.8 and J(C,B) = 
3.6-4.2 Hz. One and three bond C-B couplings of compa- 
rable sizes were reported earlier for tetraphenylboride 
ion10 and 1-methylpentaborane (9);j1 two and four bond 
C-B couplings were reported also for tetraphenylboride 
ion.lOb The a-carbon resonances of the trialkylboranes in 
Table I1 are all very broad (41-96 Hz at  half height) as 
reported p rev i~us ly ,~  presumably because of the large B-C 
coupling which is incompletely relaxed by the quadrupole 
mechanism. 

Chemical-Shift Correlations and  Substituent Param-  
eters. We have employed two independent methods to 
correlate the data in Tables I and 11. The first, or linear 
correlation, method was used earlier to correlate chemi- 
cal-shift data for aliphatic alcohols12 and aliphatic 
 amine^.^ I t  assumes that the chemical shifts of carbon 
atoms in tetraalkylammonium and tetraalkylboride ions 
are linearly related to the chemical shifts of the corre- 
sponding carbon atoms in isoelectronic hydrocarbons in 
which N+ or B- is replaced by C. An analogous replace- 
ment of B by CH designates the isoelectronic hydrocarbon 
for trialkylboranes. For example, the hydrocarbon isoelec- 
tronic with tetraethylammonium ion is 3,3-diethylpen- 
tane, and the hydrocarbon isoelectronic with tri-n-propyl- 
borane is 4-propylheptane, Since the I3C nmr spectra of 
most of these branched hydrocarbons are unknown, we 
have calculated their chemical shifts by the method of 
Lindeman and Adams.13 Results of these correlations are 
in Table IV. Use of all the data in Table I to construct 
Table IV results in smaller standard deviations of ob- 
served chemical shifts from calculated chemical shifts 
than would be obtained if each ion were included in the 
correlation only once. However, each line of data in Table 
I represents a unique experiment which differs from all 
the others in structure, counterion, solvent, or concentra- 
tion. Table IV and the Lindeman and Adam@ parame- 
ters may be used to calculate chemical shifts of other 
tetraalkylammonium ions, tetraalkylboride ions, and 
trialkylboranes with reasonable accuracy. 

Our second, or additive substituent parameter, method 
of correlating the data in Tables I and I1 uses parameters 
similar to those reported earlier by Grant and Paul.14 It 
assumes that the various effects of functional groups and 
branching are additive, as described by eq 2, in which 

&+(k) is the 13C chemical shift of the hth carbon of 
species X (tetraalkylammonium ion, tetraalkylboride ion, 
or trialkylborane), &(k) is the 13C chemical shift of the 
kth carbon of the n-alkane corresponding to the longest 
carbon chain in species X, ~ R Z  is the number of branching 
carbon atoms in the Ith position relative to the hth car- 
bon, Ai is the additive chemical shift parameter assigned 
to the lth carbon atom, B is a branching correction term 
for the kth carbon, and S is a substituent parameter term. 
Additive chemical shift parameters, Ai, were reported by 
Grant and Paul14 as cy +9.1, p +9.4, y -2.5, 6 +0.3, and e 
+0.1, but their limited data on branching corrections, B, 
was inadequate for our purposes. Consequently, we com- 
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Table I 
C a r b o n 4 3  Chemical Shifts of Te t raa lkylammonium and Tetraalkylboride Ions in CDClp 

Hexyl group-----------. ---Short alkyl group----- r---..- ----- n- 

Registry no. Compd U P Y 6 U P Y 6 6 r 

68-05-3 
1941-30-6 
1643-19-2 
311-28-4 

2650-53-5 
13028-71-2 
37026-90-7 
41724-50-9 

41724-45-2 

4172-447-4 

41724-48-5 
41724-49-6 

54 .4  
60.8 
59.1 
59.3 
53.2 
53.5 
59 .1  
53.8 
54 . O  
53.5 
53.1 
60.9 
60.7 
61 . O  
59.1 

17 .1  
17 .3  
18 .5  
18.8 
33.6 
33.6 
29.4 
29.4 

Tetraalkylammonium Ions 
9 . 5  

16.0 10.9 
24.3 19 .8  13.8 
24.4 19.8 13 .8  

66 .5  
8 . 2  57.5 

24.3 19 .8  14.0 59.4 
67.4 
67.6 

7 .7  57.8 
7 . 3  57.3 

15.9 10.8 
15.7 10 .7  
16.0 10 .8  
24.2 19.8 13 .7  59.1 

Tetraalkylboride Ions 
e 

36.3 
11 .7  27.9 
12.3 28.2 
21.2 20.5 28.3 
21.6 21.2 e 
30.8 29.0 15 .0  29.8 
30.8 29.1 15.0 29.8 

23 . O  
22 .o 
22.4 
23.2 
23 . O  
21.9 
21.7 

22.5 

29 .1  
29.1 
28.2 
28.7 
28.2 
28.5 
28.1 
28.1 

25.8 
26 . O  
26.1 
25.8 
25.6 
26 . O  
26 .1  

26.1 

35.7 
35.7 
36.2 
36.6 
36.1 
36.6 
36.2 
36.4 

31.2 
31 .1  
31.3 
31.2 
31.1 
31.1 
31.3 

31.3 

32.9 
32.9 
33 .O 
33.4 
33 .O 
33.3 
33 . O  
33.1 

22.3 
22.3 
22.4 
22.4 
22.3 
22.4 
22.7 

22.2 

23.2 
23 . O  
23.2 
23.6 
23.2 
23.5 
23.3 
23.3 

13.9 
13 .9  
13.7 
13.9 
13.9 
13.9 
14 . O  

13.8 

14.4 
14.4 
14.4 
14.7 
14.4 
14.6 
14.5 
14.4 

a Subscripts refer to the number of carbon atoms in the n-alkyl groups, and ty refers to the carbon atoms bound directly to 
Concentration in C B D ~  of nitrogen or boron. 

20 mol %. e Resonances could not be distinguished with certainty from base line noise in available spsctra. 
Concentration in CDCL of 3 mol %. Concentration in CDCL of 14 mol %. 

Table I1 
Carbon-13 Chemical Shifts of Trialkylboranes 

Registry 
no. Compd a P Y 6  

97-94-9 Triethylborane 19.7 7 .9  
1116-61-6 Tri-n-propylborane 31.1 18.1 17.6 

122-56-5 Tri-n-butylborane 27 .8 27.0 26.2 14 .1  

Table I11 
Comparison of 13C and 1H Aromatic Solvent 

Induced Shifts 
--ASIS, ppm--- 

Ion Group '3C " 

NZ2Z6 NCH2 of ethyl +0.4 $0.82 
NCHz of hexyl + O  . 5  f0 .82  

N3333 NCHs of propyl +o .2 +0.55  
B 2 2 2 6  BCHz of ethyl -0 .3  -0.37 

BCHz of hexyl -0 .3  -0.37 
B8336 BCHz of propyl 0 .o -0.22 

piled the more extensive list of branching corrections in 
Table V from all of the applicable data in three 
papers.3.12~13 

An example will illustrate how the branching correc- 
tions in Table V were calculated. The n-alkane corre- 
sponding to the longest carbon chain in the branched 
structure is chosen as a starting point. For 2,2-dimethyl- 
hexane ( l ) ,  whose observed chemical shifts are 29.2 ppm 

C 
I c1-c,-c-c-c-c 

1 

for CI and 30.1 ppm for C2,I3 the starting point is hexane. 
Without the branching corrections, the chemical shift of 
C1 would be calculated as the sum of the chemical shift of 
C1 of n-hexane (13.7 ppm) and two @-carbon effects (2 X 

Table IV 
Linear Correlations of the Carbon Chemical Shi f t s  

of Te t raa lkylammonium Ions, Tetraalkylboride 
Ions, and Trialkylboranes and Their 

Corresponding Hydrocarbons 
Carbon No. of 
atom observa- 

X t i o d  A B ab 

Tetraalkylammonium Ions 
a! 23 0.849 28.27 0.94 0.977 
P 20 0.880 0.41 0.70 0.994 

6 12 0.937 0.84 0.10 0.99993 

Tetraalkylboride Ions 

Y 16 0.977 -3.43 0.39 0.998 

01 14 1.406 -22.75 1.32 0.978 
P 14 1.013 3.21 0.57 0.996 
Y 12 0.999 5.99 0.32 0.9986 
6 10 0.975 1.49 0.16 0.9998 

Trialkylboranes 
01 3 1.103 -9.77 0.21 0 
B 3 1.025 -3.36 0.61 0 
Y 2 0.935 4.23 

,9996 
,998 

All data in Tables I and I1 were used for these correla- 
tions. b Standard deviation in parts per million of calculated 
chemical shifts from observed chemical shifts. c Correlation 
coefficient. 

9.4 ppm), which equals 32.5 ppm. The difference between 
the observed chemical shift and the calculated chemical 
shift is 29.2 - 32.5 = -3.3 ppm. This is the branching 
correction, denoted 1°(4'112), for a primary carbon (1") 
which is bonded to a quaternary carbon (4'), which is 
bonded in turn to two other primary carbons and a secon- 
dary carbon (4'112). A similar calculation for the chemical 
shift of C2 of 1 from the chemical shift of C2 of n-hexane 
(22.7 ppm) plus two &-carbon effects (2  X 9.1 ppm) leads 
to 4'1112 = (30.1) - (22.7 + 18.2) = -10.8 ppm, where 
4'1112 is the branching correction for the chemical shift of 
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Table V 
Branching Corrections for Calculation of Carbon 

Chemical Shifts in Alkyl Groups" 
No. of 

System observations B Ub 

1 O (3 '12) 18 -0.7 0 . 3  
1 ' (3 '22) 12 - 1 . 4  0 . 4  
1O(4'112) 8 -3 .1  0 . 3  
1°(40n2) 3 -3 .3  0 . 3  
2 (3 '11) 14 -2 .2  0 . 3  
2°(30iz) 25 -2 .2  0.5 
2 ' (3 '22) 9 -3.7 0 $ 6  
2" (4'111) 7 -6 .6  0 .6  
2 (4O112) 6 -6.8 0 . 6  
2°(40n2) 1 -8.9 
3 '112 15 -3.8 0 .3  
3'122 20 -6.6 0 .4  
3 O m 2  5 -9 .9  0.2 
4'inz 7 -9.3 1 .6  
4'1122 4 -17.3 2 .3  

a Data was taken from ref 3, 12, and 13. Method of cal- 
culation and nomenclature are described in the text. Stan- 
dard deviation of branching correction. 

a quaternary carbon which is bonded to three primary 
carbons and one secondary carbon. Similarly, 3'122 de- 
notes the branching correction for the chemical shift of a 
tertiary carbon which is bonded to one primary carbon 
and two secondary carbons. 

In the substituent parameter method, calculation of 
carbon chemical shifts for hydrocarbons isoelectronic with 
tetraalkylammonium ions, tetraalkylboride ions, and 
trialkylboranes proceeded as follows. The n-alkane corre- 
sponding to the longest carbon chain in the model was 
chosen as a starting point, the corrections of Grant and 
Paul1* for a ,  p, y, 6, and t carbon atoms were applied, 
and finally the branching corrections in Table V were ap- 
plied. The substituent parameters S in Table VI are dif- 
ferences between observed chemical shifts of our hetero- 
atom species and calculated chemical shifts of the isoelec- 
tronic hydrocarbons. All the data in Tables I and I1 were 
used to compile Table VI. Data of Simeral and Maciell5 
for trimethylammonium compounds give substituent pa- 
rameters a ,  +19.9 ppm, and p, -3.0 ppm, in reasonable 
agreement with Table VI. 

The substituent parameters represent formally the 
changes in chemical shifts effected by replacement of C 
by N+ or B- and replacement of CH by B. Charged nitro- 
gen shifts a carbon downfield and all other carbons up- 
field, while charged boron shifts a carbon upfield and all 
other carbons downfield. Substituent parameters for pri- 
mary, secondary, and tertiary amines calculated by the 
same method from the data of Eggert and Djerassi3 are a ,  
+20.2 ppm; p,  +0.8; y,  -2.0; 6 ,  +0.1; e ,  0.0; and {, f0.1. 
Comparisons of substituent parameters of tetraalkylam- 
monium ions and amines and of tetraalkylboride ions and 
trialkylboranes reveal that the effects of charge on chemi- 
cal shifts of carbon atoms one to three bonds away are 
real but not large. In both tetraalkylammonium and 
tetraalkylboride ions the a-substituent parameters for 
charged nitrogen and boron are not greatly different from 
the parameters for neutral nitrogen and boron, respective- 
ly. 

Which method do we recommend for correlation of car- 
bon chemical shifts? If quantitative predictions of chemi- 
cal shifts are desired, the linear correlations provide more 
accurate results, as can be seen from the standard devia- 

Table VI 
Substituent Parameters for Tetraalkylammonium 
Ions, Tetraalkylboride Ions, and Trialkylboranesa 

No. of 
Carbon atom observations S, ppm Ua 

Tetraalkylammonium Ions 
a 23 +23.7 1.1 
B 20 -2 .8  1 . 2  
Y 16 -4.3 0.3 
6 b  4 - 0 . 4  0 . 1  
6 C  8 -1 .4  0 .1  
e 8 -0 .7  0 .1  
r 8 -0.2 0 .1  

01 

P 
Y 

Tetraalkylboride Ions 

14 +2.7 
12 +5.6 
2 + O  .7 
8 +O .5 
8 +O .3 
8 +0.4 

Trialkylboranes 
3 -5.5 
3 -3 .2  
2 f 3  . O  

14 -7.6 2.6 
0 . 8  
0 .3  
0 .o 
0.2 
0 .2  
0 .1  

0 . 7  
0 . 4  
0 . 4  

Standard deviation in parts per million of chemical 
shifts calculated with substituent parameters from observed 
chemical shifts. CHa groups. c CH2 groups. 

tions in Tables IV and VI. However, for most purposes ad- 
ditive substituent parameters provide only slightly less 
accurate results, are easier to  calculate, and are more rec- 
ognizable to organic chemists as simple substituent ef- 
fects. 
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