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Good linear correlations between GIAO-MP2 calculdfINMR chemical shifts of boroniumonium cations

la—h and**C NMR chemical shift of the corresponding isoelectronic carboniomium dication2a—h as

well as betweeA’Al NMR chemical shifts of the aloniumonium cations8a—h and the?°Si NMR chemical

shifts of the corresponding isoelectronic siliconisomium dicationgla—h were found. The close relationship
demonstrates that the same factors that determine the chemical shifts of the boron and aluminum nuclei also
govern the chemical shifts of the carbon and silicon nuclei, respectively, within the hypercoordinate onium
compounds. On the other hand, no correlation exists betd&MNMR chemical shifts of carbonium

onium dication2a—h and the?°Si NMR chemical shifts of the corresponding siliconiwmnium dications

4a—h. Furthermore, no correlation was found betw&8hNMR chemical shifts of boroniumonium cations

la—h and?’Al NMR chemical shifts of the corresponding alonigmonium cations3a—h.

Introduction SCHEME 1

As boron and carbon are consecutive first-row elements, >< H >< H
onium—boronium cationsl are isoelectronic with the corre- B:«—" ' “,C:——;’ !
sponding onium-carbonium dication? (Scheme 1). Recently H\\y IR H\‘y el
we have been able to shéa good boroniumcarbonium NMR H H
chemical shift relationship for the carbonium dicationgH2" 1 2
2 and boronium cations #BX* 1 (X = NHj3, PH;, H,0, H,S, . .
CO, Ny, HF, HCI, CQ, and C$), based on ab initio/GIAO- \ H >\ H
MP2 calculations. The general correlation equation is shown AL o “.Si:"—+ \
below (equation 1). In this equatiai#3C is the chemical shift H\‘y """" H H\‘y TR
of the cationic carbon o2 with respect to (Ck),Si (tetram- H H
ethylsilane), an@*'B is the chemical shift of the corresponding 3 4

boron of1 with respect to the BEO(C,Hs)».
These relationships show that the same factors that determine
OB =0.456 Bc . —25 (1) the chemical shifts of the boron nuclei also govern the chemical
(BF0(GHy)) (GRS shifts of carbon nuclei. We now report our study of the
. . ) relationship between GIAO-MP2 calculaté® NMR chemical
Previously, Spielvogel et &land Nah and Wrackmeyéihave shifts of boronium-onium caionsl and 3C NMR chemical
been able to show a close relationship between the experimentakpitt shifts of the corresponding isoelectronic carbonitanium
13C NMR chemical shifts of the carbons in trigonal carbenium dications? as well as betweeA’Al NMR chemical shifts of
ions and the corresponding gxperlmerit]@ NMR chemical the alonium-onium cations8 and the?*Si NMR chemical shifts
shifts of the boron atoms in trigonal isoelectronic boron .t the corresponding isoelectronic siliconitranium dications
compounds. The general correlation equation for trigonal species, (Scheme 1). We also report our study of the relationship

is shown below (equation 2). between3C NMR chemical shifts of carboniumonium dica-
tions 2 and the?*Si NMR chemical shifts of the corresponding
6llB(BF3:O(C2H5)2) =0.400 13C((CH4)4Si) —-25 2 siliconium—onium dications# and the correlation betweétB

NMR chemical shifts of boroniumonium cationsl and27Al
eNMR chemical shifts of the corresponding alonitionium

Prakash et al. reported an extension of the relationship to cage ~".
cations3.

compounds containing trivalent carbon and boron atbms.
Williams et al. also derived a similar empirical equation for
the hypercoordinate carbocations (carbonium ions) and their
corresponding hypercoordinate boron compofdRasul et The Gaussian 03 program was used for all calculatiditse
al. later derived a similar empirical equation for the hyperco- geometry optimizations were performed at the MP2/6-3G1*
ordinate hydrido carbocations and their isoelectronic boron level. Thel!B, 3C, 27Al, and 2°Si NMR chemical shifts were

Results and Discussion

compounds. calculated by the GIA®SCF, GIAO-MP2, and GIAO-DFT
methods using the 6-3%#1G** basis set. The density functional
* Corresponding author. E-mail: rasul@usc.edu theory (DFT) calculations were carried out at the B3LYP/6-
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3a H4AINH3* (Cy) 4a H4SiNH32* (Cy)
Figure 1. MP2/6-311G** optimized structures ofl—4a.
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Figure 2. GIAO-MP2 (a) and GIAO-DFT (b) calculateC NMR
chemical shifts of2a—h vs calculated'B NMR chemical shifts of
la—h.

3114+G** |level.1011 The 118 NMR chemical shifts were first
computed using Bs (calculated absolute shift, i.es(B) =
102.2 (GIAO-SCF), 96.1 (GIAO-MP2), and 84.1 (GIAO-
DFT)). The''B NMR chemical shifts were finally referenced
to BFs: O(C2H5)2 ((3 (BgHe) 16.6 vs BE: O(C2H5)2). The?7Al
NMR chemical shifts were referenced to AfH(calculated
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calculated ’Al NMR chemical shifts
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Figure 3. GIAO-MP2 (a) and GIAO-DFT (b) calculate¥Si NMR
chemical shifts of4a—h vs calculatec?’Al NMR chemical shifts of
3a—h.

TABLE 1: Calculated 1B NMR Chemical Shifts?

no. (GIAO-SCF) (GIAO-MP2) (GIAO-DFT)
la -11.7 -14.2 —20.6
1b -28.7 -36.2 —39.4
1c 0.2 -3.9 -6.1
1d ~17.4 -238 -265
1le -29.3 -36.7 —415
1f -13.9 -20.4 247
1g 125 8.3 7.4
1h -5.9 -11.6 -13.4

aCalculatedB NMR chemical shifts were referenced to BF
O(C;Hs)2.

absolute shifts, i.eg(Al) = 518.3 (GIAO-SCF), 513.4 (GIAO-
MP2), and 492.5 (GIAO-DFT)). The®Si and 3C NMR
chemical shifts were referenced to (g5i (calculated absolute
shifts i.e.,o(Si) = 396.7 (GIAO-SCF), 379.3 (GIAO-MP2),
and 340.8 (GIAO-DFT)o(C) = 194.6 (GIAO-SCF), 198.4
(GIAO-MP2), and 184.2 (GIAO-DFT)).

We have previously calculat&the structures of flBX™ (X
= NHs, PH;, H20, H;S, and CO) at the ab initio MP2/6-31G**
level. We have now calculated the structures gBM*™ 1a—h
at the MP2/6-311G** level (Scheme 1). Each of the structures
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TABLE 2: Calculated 3C NMR Chemical Shifts? TABLE 3: Calculated 2’Al NMR Chemical Shiftsa

no. (GIAO—SCF) (GIAO-MP2) (GIAO-DFT) no. (GIAO-SCF) (GIAO-MP2) (GIAO-DFT)
2a 14.8 17.1 15.6 3a 68.9 79.1 91.3
2b -18.0 -17.6 -185 3b 70.9 79.0 91.7
2c 47.8 51.7 51.7 3c 58.4 67.0 785
2d -0.8 -0.3 0.5 3d 69.8 79.3 923
2e -8.1 -7.3 -9.2 3e 50.7 55.4 64.0
2f 235 24.2 22.7 3f 56.4 61.9 70.8
29 84.6 87.1 88.6 3g 68.4 76.7 89.2
2h 221 22.3 245 3h 65.4 74.2 86.9

2 Calculated*C NMR chemical shifts were referenced to (g5i.

calculated 2°Si NMR chemical shifts

calculated 2°Si NMR chemical shifts

chemical shifts of2a—h vs calculatec®®Si NMR chemical shifts of

4a—h.
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Figure 4. GIAO-MP2 (a) and GIAO-DFT (b) calculatetfC NMR

a Calculated?’Al NMR chemical shifts were referenced to AiH

TABLE 4: Calculated 2°Si NMR Chemical Shifts?
no. (GIAO-SCF) (GIAO-MP2) (GIAO-DFT)

24.7 354
34.1 48.7
11.1 19.9
38.5 55.2
—13.0 —5.7
—0.4 5.8
40.2 54.2
30.3 46.0

a Calculatec?®Si NMR chemical shifts were referenced to (4$i.

onium cations and siliconiumonium dications, respectively.
Computed selected structures are displayed in Figure 1.

We have calculated tHéB, 13C, 27Al, and2°Si NMR chemical
shifts of 1—4 using the correlated GIAO-MP2 method with the
6-311+G** basis set and using MP2/6-33+5G** geometries
(Tables +4). For comparison we have also computed the
chemical shifts using noncorrelated GIAO-SCF and density
functional theory GIAO-DFT methods, and these are listed in
Tables 4. The GIAO-MP2 method has been shown to give
very good results fot!B NMR chemical shift calculations in
H3BX (X = NHgs, PHs, H,0, H;S, and CO) complexéd.The
GIAO-MP2 method has also given reliable results ¥&g, 27-

Al, and 2°Si NMR chemical shift calculations~15

We have found a good linear correlation when we plotted
(Figure 2a) GIAO-MP2 calculatettB NMR chemical shifts
of boronium-onium cationsla—h and the GIAO-MP2 calcu-
lated 13C NMR chemical shifts of the corresponding isoelec-
tronic carbonium-onium dications2a—h. Similar linear cor-
relation was also obtained from GIAO-DFT calculated values
(Figure 2b). We have also found a good linear relationship
(Figure 3a) between GIAO-MP2 calculat€dl NMR chemical
shifts of the alonium-onium cations8a—h and the GIAO-MP2
calculated?°Si NMR chemical shifts of the corresponding
isoelectronic siliconiumonium dications4da—h. Good linear
correlation was also obtained from GIAO-DFT calculated values
(Figure 3b). The close relationship demonstrates that the same
factors that determine the chemical shifts of the boron and
aluminum nuclei also govern the chemical shifts of the carbon
and silicon nuclei, respectively, within the hypercoordinate
onium compounds. The correlation line (3) derived from Figure
2a closely corresponds to the correlation line (1).

contains a hypercoordinate boron with a=Zz bond and a
onium ion group X and therefore can be considered as a
boronium-onium cation. Corresponding isoelectronic carbon
analogues KCX2+ 2a—h were also calculated at the same MP2/ The correlation line (4) derived from Figure 3a is given below.
6-311+G** level. Each of the structures contains a hyperco-

ordinate carbon with a 2e3c bond and an onium ion group X 4)
and can be considered as a carbonitonium dication.
Similarly, the structures of JAIX ™ 3a—h and isoelectronic
silicon analogues kBiX?" 4a—h were also calculated at the
MP2/6-3114+G** level and can be considered as alonitm

6llB(BF3:O(C‘?H5)2) =0.430 13C((CH4)4Si) —27 3)

0V ALy, ) = 0.450 Sj e s + 62

We have plotted (Figure 4a) GIAO-MP2 calculatéd NMR
chemical shifts of boroniumonium cationsla—h and the
GIAO-MP2 calculated?’Al NMR chemical shifts of the



Chemical Shift Relationships in Isostructural Onium Dications

80
% o sp B xd O xa
= o]
—_— a xg
3 @ @ xh
g
2
S 70
Z m
Z XC
<
S o xf
E 60 -
=
5
= 0 xe
Q
50 v 1 v 1 v 1 v 1
-40 -30 -20 -10 0 10
calculated ''B NMR chemical shifts
@ 100
=
£ (b)
%]
S gxb X7 o xa xg
g 904 o
g o] xh
Q
a4
P>
Z 80 o
< XC
N
B
= g xf
= 70
2
<
© @ Xe
60 +—m——m——r————1——1—
-50 -40 -30 -20 -10 0 10

calculated ''B NMR chemical shifts

Figure 5. GIAO-MP2 (a) and GIAO-DFT (b) calculatetiB NMR
chemical shifts ofta—h vs calculatec?’Al NMR chemical shifts of
3a—h.

corresponding aloniumonium cations3a—h. There is no
apparent correlation betweétd and?’Al NMR chemical shifts.
We have also plotted (Figure 5a) GIAO-MP2 calculatéd

NMR chemical shifts of carboniumonium dication®a—h and

the GIAO-MP2 calculated®Si NMR chemical shifts of the
corresponding siliconiumonium dicationgta—h. Again, there
is no correlation betweetC and?°Si NMR chemical shifts.

It appears that only the NMR chemical shifts of isoelectronic
analogues correlate well within the isostructural hypercoordinate
onium compounds. Thereforé’B NMR chemical shifts of
la—h correlate well with thé3C NMR chemical shifts of the
corresponding isoelectronic and isostruct@at-h as the boron
and carbon are the consecutive first row elements. However,
13C NMR chemical shifts of th€a—h do not correlate with
the2°Si NMR chemical shifts of the isostructuré—h, although
the carbon and silicon are consecutive group IV elements.
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Conclusion

In summary, we have found good linear correlation between
GIAO-MP2 calculated'B NMR chemical shifts of boronium
onium cationsla—h and3C NMR chemical shift shifts of the
corresponding isoelectronic carbonitionium dication®a—h
as well as betweeffTAl NMR chemical shifts of the alonium
onium cations3a—h and the?°Si NMR chemical shifts of the
corresponding isoelectronic siliconiuronium dications4a—

h. The close relationship demonstrates that the same factors that
determine the chemical shifts of the boron and aluminum nuclei
also govern the chemical shifts of the carbon and silicon nuclei,
respectively, within the isostructural hypercoordinate onium
compounds. There is, however, no correlation found wién
NMR chemical shifts of carboniumonium dications2a—h
were plotted against thé®Si NMR chemical shifts of the
corresponding siliconiumonium dicationgta—h. There is also

no correlation observed betweé NMR chemical shifts of
boronium-onium cationsla—h and?’Al NMR chemical shifts

of the corresponding aloniurponium cations3a—h.
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