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Endohedral "H NMR Chemical Shifts of H,-, H,O- and NH;-Encapsulated
Fullerene Compounds: Accurate Calculation and Prediction
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The endohedral 'H NMR chemical shifts of various known
H,- H,O- and NHj-encapsulated fullerene compounds have
been calculated at the GIAO-B3LYP/3-21G and GIAO-HF/3-
21G levels of theory with AM1- and PM3-optimized struc-
tures. The corrected 'H NMR chemical shifts were calculated
from the correlation equation derived from linear regression
fitting between calculated and experimental 'H NMR chemi-
cal shifts in each case. Comparisons of the regression coeffi-
cients, standard deviations, and maximum and mean errors
of the corrected chemical shifts obtained by the four methods
employed showed that the GIAO-B3LYP/3-21G//PM3
method is the best for calculating the endohedral 'H NMR
chemical shifts of endofullerenes. The endohedral 'H NMR

chemical shifts of any H,-, H,O- or NHs-encapsulated fuller-
ene compound can be predicted by the correlation equation
derived by using the GIAO-B3LYP/3-21G//PM3 method. The
shift tendency of endohedral 'H NMR chemical shifts are dis-
cussed and compared with that of endohedral *He NMR
chemical shifts. The encapsulated H,, H,O or NH; molecule
can be employed as a sensitive NMR probe to investigate the
ring currents of fullerene cages and to follow the chemical
reactions of endofullerenes at the exterior of the fullerene
cage.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Endohedral fullerene are expected to have widespread
applications in materials science and technology.'! In the
early days, endohedral fullerenes could only be accessed by
physical processes, such as co-vaporization of carbon and
metal atoms/? and high-pressure/high-temperature treat-
ment with noble gases.[’] However, chemical modification/
molecular surgery has recently emerged as a new route to
producing endohedral fullerenes. A number of open-cage
fullerene derivatives, most of which are Cg, derivatives, have
been reported to possess the ability to encapsulate He,™
H,,#2-4¢.5.61 H,0,I71 COB! or NH3.! The milestone synthesis
of H,@Cgo was achieved by Komatsu et al. who closed the
thirteen-membered ring orifice of a hydrogen-encapsulated
open-cage fullerene by using a four-step organic reaction
sequence.l) The characterization of these derivatives is im-
portant due to the increasing interest in endofullerenes. As
an important tool for identifying these molecules, NMR
spectroscopic analysis of encapsulated atoms or molecules
such as He, H,, H,O or NHj3 has an unprecedented advan-
tage.

In 1994, the endohedral chemical shifts of fullerenes were
first calculated by Haddon and Pasquarello by the semiem-
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pirical London method. They calculated *He NMR chemi-
cal shifts of —10.1 ppm for *He@C¢, and —16.8 ppm for
SHe@C,'% which clearly deviate from the experimental
values of —6.3 and —28.8 ppm. With the development of
computational methodologies and sources, improved theo-
retical levels such as GIAO-CPHF, GIAO-SCF and GIAO-
DFT (UDFT-GIAO-BPW91 and GIAO-B3LYP) were em-
ployed to calculate the chemical shifts.''] Our research
group has found that the GIAO-B3LYP//3-21G and GIAO-
HF//3-21G methods with AM1- or PM3-optimized geome-
tries exhibit a very good linear relationship between calcu-
lated and experimental *He chemical shifts of endofuller-
enes and further applied these methods to the prediction
and assignment of 3He-encapsulated fullerenes and fuller-
ene derivatives.'? As a continuation of our interest in ful-
lerene chemistry,l'%!31 we report herein the accurate calcula-
tion and prediction of the endohedral '"H NMR chemical
shifts of H,-, H,O- and NHj-encapsulated fullerene com-
pounds.

Computational Details

The geometries of H,-, H,O- and NHs-encapsulated ful-
lerene compounds and tetramethylsilane (TMS), H,, H,O
and NH; were optimized without symmetry constraint at
the semiempirical AM 14 and/or PM3['*! levels. The chem-
ical shifts were calculated at the GIAO (gauge including
atomic orbitals!!®)-HF and/or GIAO-B3LYP (Becke’s!!”!
three-parameter hybrid-exchange functional and the corre-
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lation functional of Lee et al.l'®) levels with the 3-21G basis
set. The calculated endohedral '"H NMR chemical shifts
(Jcaic) are given in ppm relative to the 'H NMR chemical
shift of TMS. The calculated chemical shifts of TMS are
33.10, 33.60, 32.63 and 33.14 ppm at the GTAO-HF/3-21G//
AMI1, GIAO-HF/3-21G//PM3, GIAO-B3LYP/3-21G//AM1
and GIAO-B3LYP/3-21G//PM3 levels, respectively. The
chemical shifts calculated for H, are 28.57 and 28.07 ppm at
the GIAO-B3LYP/3-21G//AM1 and GIAO-B3LYP/3-21G//
PM3 levels, respectively. The corrected chemical shifts
(Oeor )™ were obtained from the correlation equation de-
rived from the linear regression fitting between calculated
and experimental '"H NMR chemical shifts in each case. All
calculations were carried out with the help of the
GAUSSIAN 03 program package.["]

Results and Discussion

Unlike a helium atom encapsulated in fullerenes, a hy-
drogen, water or ammonia molecule has two or three hydro-
gen atoms inside a fullerene compound. Under common
conditions, because of their free movement in fullerene
cages, the hydrogen atoms of molecular hydrogen, water or
ammonia should exhibit the same chemical shift, which has
been confirmed by experimental results. However, because
of the unconstrained symmetry in computational methods,
the hydrogen atoms should undoubtedly display different
chemical shifts. To evaluate the influence of different orien-
tations of the encapsulated molecules, we chose
H,@Cg,CsHy4 (1) as an example to address this problem.
Three representative orientations were selected and are il-
lustrated as 1a, 1b and 1c¢ in Figure 1. As shown by the
results of calculations (Table 1), the chemical shifts of the
two protons in la and 1b are nearly the same: —5.81 and
—5.84 ppm for 1a, —5.83 and —5.85 ppm for 1b at the GIAO-
HF/3-21G//PM3 level; —0.27 and —0.30 ppm for 1a, —0.32
and -0.34 ppm for 1b at the GIAO-B3LYP/3-21G//PM3
level. As for 1c, the calculated chemical shifts of the two
protons show a large deviation. The main reason for this
should arise from the unsymmetrical locations of the two
hydrogen atoms in 1c. However, the average chemical shift
of these two protons is close to those in 1a and 1b (to within
0.10 ppm). The relative energies of 1a, 1b and 1c¢ are 0.01,
0.00 and 0.01 kcalmol! at both the AM1 and PM3 levels,
respectively. For this reason, we decided to choose the most
stable structures for the NMR calculations and the resulting
average endohedral chemical shifts as the calculated chemi-
cal shifts.

Endohedral 'H NMR Calculations of Various Fullerene
Compounds by Different Methods

Calculations were carried out on H,@Cyg (2), H,-encap-
sulated closed-cage [60]fullerene derivatives 1 and 3-8, such
as monoadducts with a three-membered ring (3), a four-
membered ring (1), a five-membered ring (4), the dimer
(H>,@Cep)> (5) and Cgo multiadducts 6-8, H,-encapsulated
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Figure 1. Three representative orientations of H, in compound 1.

Table 1. Chemical shifts calculated at the GIAO-HF/3-21G and
GIAO-B3LYP/3-21G levels of theory with the geometries opti-
mized by the PM3 method.

J (ppm)
GIAO-HF/3-21G//PM3 GIAO-B3LYP/3-21G//PM3

H-1 H-2  Average H-1 H-2  Average
1a -5.81 -584 583 -0.27 -0.30  -0.29
1b -5.83 -585 584 -0.32 -0.34 033
1c -5.44 -6.06  -5.75 -0.50 0.02 -0.24

open-cage [60]fullerenes with eight- to sixteen-membered-
ring orifices (9-20), as well as H,-encapsulated open-cage
[70]fullerene compounds with a thirteen-membered-ring
orifice (21 and 22) (Figure?2). A few H,O-encapsulated
open-cage [60]fullerenes with fifteen- to seventeen-mem-
bered-ring orifices (23-30) and a recently reported NHs-
encapsulated open-cage fullerene (31) were also included.
All compounds were optimized by the AM1 and PM3 semi-
empirical methods at nearly the same computational cost.
The endohedral 'H NMR chemical shifts were calculated
for compounds 1-31 at the GIAO-B3LYP/3-21G and
GIAO-HF/3-21G levels of theory by using both the AM1-
and PM3-optimized geometries.

The linear regression fittings between the calculated and
experimental chemical shifts are shown in Figures 3, 4, 5,
and 6. The correlation equation between the corrected and
experimental chemical shifts along with the regression coef-
ficient (R) and standard deviation (SD) are shown in each
figure. The calculated chemical shifts (d...), corrected
chemical shifts (d.or;) and experimental shifts (dey,) are
listed in Table 2.

As judged by the regression coefficients and standard de-
viations shown in Figures 3-6, the chemical shifts calcu-
lated by the GIAO-B3LYP/3-21G method have clear advan-
tages over those calculated by the GIAO-HF/3-21G
method. With the AMI1- and PM3-optimized geometries,
the regression coefficients given by the GIAO-B3LYP/3-
21G method are —0.953 and —0.985, respectively, whereas
the corresponding regression coefficients by the GIAO-HF/
3-21G method are —0.845 and —0.958. For the PM3-opti-
mized geometries, the maximum errors in the corrected
chemical shifts at the GIAO-B3LYP/3-21G and GIAO-HF/
3-21G levels (shown in Table 2) are 1.59 and 2.70 ppm,
respectively, whereas the mean errors are 0.56 and
0.83 ppm. In comparison, for the AMI1-optimized geome-
tries the corresponding maximum errors are 2.70 and
1033
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Figure 2. Structures of endofullerene compounds 2-31 (Z = COOMe, Py = 2-pyridine; @: hydrogen atom; Z: oxygen atom; ©: nitrogen

atom).
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Figure 3. The linear fitting between ey, and dey (calculated at the
GIAO-HF/3-21G//AM1 level) for compounds 1-31. The dashed
line represents the fitting for a slope and y intercept of 1 and 0,
respectively.
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Figure 4. The linear fitting between dey, and dg,c (calculated at the
GIAO-HF/3-21G//PM3 level) for compounds 1-31. The dashed
line represents the fitting for a slope and y intercept of 1 and 0,
respectively.

3.72 ppm and the respective mean errors are 0.96 and
1.53 ppm. By comparison of the regression coefficients,
standard deviations and maximum and mean errors of the
corrected chemical shifts, it can be concluded that of the
four employed methods the GIAO-B3LYP/3-21G//PM3
method is the best one for calculating the endohedral 'H
NMR shifts of endofullerenes. For geometries optimized at
the PM3 level, most of the corrected chemical shifts given
by the GIAO-B3LYP/3-21G method are very close, within
1.00 ppm, to the experimental results. The correlation equa-
tion between the calculated and corrected chemical shifts
by the GIAO-B3LYP/3-21G//PM3 method is shown in
Equation (1).

Seom = 4125 + 1.0380.41c (1)

To demonstrate the efficiency and accuracy of our
GIAO-B3LYP/3-21G//PM3 method, H,@Cyg, is used as an
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Figure 5. The linear fitting between Jeyp, and dg,ic (calculated at the
GIAO-B3LYP/3-21G//AM1 level) for compounds 1-31. The
dashed line represents the fitting for a slope and y intercept of 1
and 0, respectively.
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Figure 6. The linear fitting between Jey, and dg,c (calculated at the
GIAO-B3LYP/3-21G//PM3 level) for compounds 1-31. The dashed
line represents the fitting for a slope and y intercept of 1 and 0,
respectively.

example. The theoretical prediction of the endohedral
chemical shift of H,@Cgy at the GIAO-B3LYP/6-311G*//
B3LYP/6-31G* level is 1.79 ppm,[°®! which is a deviation
from the experimentally obtained —1.45 ppm!® of 3.24 ppm.
However, the corrected chemical shift for H,@Cg, by our
method is —1.88 ppm, which is close to the experimental
value.

The endohedral '"H NMR chemical shift for any unre-
ported H»>-, H,O- or NHs-encapsulated endofullerene can
be quickly and accurately predicted by the GIAO-B3LYP/
3-21G//PM3 method by using Equation (1). It is clear that
calculations of the endohedral '"H NMR chemical shifts of
a new endofullerene by our method would consume much
less computational time than the existing GIAO-B3LYP/6-
311G*//B3LYP/6-31G* method and is still expected to pro-
vide a good prediction of the endohedral chemical shift.
1035
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Table 2. Calculated, corrected and experimental 'H NMR chemical shifts (in ppm) and statistical data for the '"H NMR chemical shifts
encapsulated in compounds 1-31.

GIAO-HF/3-21G

GIAO-B3LYP/3-21G

AM1 PM3 AM1 PM3
(jcalc 5corr 5calc 5corr 6calc 5corr 5calc 5corr 5exp

1 —6.58 —6.82 -5.32 -5.28 -1.61 -5.15 -0.34 -4.47 —4.308

2 -5.04 =5.11 -3.57 -2.81 0.62 -2.89 2.16 —-1.88 —1.448l

3 -6.26 —6.46 -5.00 -4.83 -0.95 —4.49 0.28 -3.84 -3.278l

4 —-6.76 -7.02 -5.38 -5.37 -1.77 -5.32 -0.33 -4.47 —4.64(

5 -6.31 —-6.53 -5.06 -4.91 -1.33 —4.86 -0.02 -4.15 —4.04

6 -9.23 -9.77 -8.21 -9.34 —6.72 -10.33 -5.48 -9.81 ~10.39°1

7 -10.01 -10.63 -8.96 -10.40 -7.10 -10.72 —-6.01 -10.36 ~10.77™1

8 -10.01 -10.63 -8.98 -10.42 -7.10 -10.72 —6.04 -10.39 ~10.74,01
~10.76,0!

-10.80,°1 —10.85(®!

9 -6.23 —6.43 —4.84 —4.60 -2.29 -5.84 -1.07 -5.23 ~5.43l

10 -5.76 -5.91 —4.41 —4.00 —0.63 —4.15 0.73 -3.36 ~2.95,a1 _2,93[d]

11 -7.06 -7.35 -5.56 -5.62 -2.75 —-6.31 -1.28 -5.45 ~5.80,121 5,691

12 -3.91 -3.85 -6.13 —-6.42 —4.39 -7.97 -2.69 -6.92 ~7.25l

13 —6.67 -6.92 -6.15 —-6.45 -3.25 —-6.81 =2.77 -7.00 —7.3611

14 -6.25 —6.46 —-6.56 -7.02 -2.58 —-6.13 -2.61 —6.84 —6.33,1a1 6,181

15 -6.85 -7.12 —-6.40 -6.80 -3.85 -7.42 -3.19 —7.44 ~7.79t

16 -7.80 -8.18 -5.98 -6.21 —4.33 -7.91 -2.67 -6.89 —7.34(M

17 -3.87 -3.81 -5.97 -6.20 -1.29 -4.83 -2.65 -6.87 ~7.53M

18 —4.10 —4.07 -6.01 -6.24 -1.48 -5.02 -2.64 -6.87 —7.29MM

19 -3.87 -3.81 -5.86 -6.03 -1.22 —4.76 -2.55 —-6.78 ~7.1510

20 -3.82 -3.75 -5.84 -6.00 -1.21 —4.74 -2.51 —-6.73 ~7.1310

21 -13.37 -14.36 -12.44 -15.28 -11.59 -15.27 -10.76 -15.30 -16.51M

22 -9.36 -9.91 -8.80 -10.17 -8.07 -11.70 -7.56 -11.97 ~12.87M

22 -13.57 -14.59 -13.01 -16.09 -11.75 -15.43 -11.24 -15.79 ~17.38M

23 -9.69 -10.28 -9.67 -11.39 -6.77 -10.39 -6.71 -11.09 -9.900!1

24 -9.74 -10.33 -8.83 -10.22 -6.92 -10.53 —6.04 -10.39 -9.800!

25 -9.22 -9.75 -8.86 -10.26 —6.38 -9.99 —-6.03 -10.39 ~10.00U!

26 -12.95 -13.90 -9.21 -10.75 -10.28 -13.94 -7.09 -11.48 ~11.40%

27 -11.60 -12.40 -11.37 -13.78 -9.51 -13.16 -9.30 -13.78 —12.75M

28 -11.98 -12.82 —-11.61 -14.12 -9.82 -13.47 -9.48 -13.97 ~13.111

29 -12.15 -13.01 -11.78 -14.36 -10.10 -13.76 -9.79 —-14.29 ~13.07M

30 -11.94 -12.77 -11.63 -14.14 -9.79 -13.44 -9.46 -13.95 ~13.120

31 -11.14 -11.88 -11.71 —-14.26 -8.53 -12.17 -8.95 -13.42 —12.30ml

Mean error 1.53 0.96 0.83 0.56

Max. error 3.72 2.70 2.70 1.59

[a] Ref.[?] [b] Ref 21 [c] Ref.#al [d] Ref.[% [e] Ref.P4] [f] Ref.PY [g] Ref.[*el [h] Ref.[5Y] [i] Ref.P¢ [j] Ref.’®! [k] Ref.[78] [I] Ref.7¢l [m] Ref.’]

Prediction of Endohedral 'H NMR Chemical Shifts cluded for comparison (Figure 7). The endohedral 'H

NMR chemical shifts of these compounds were calculated

Even though the synthesis of H,@Cg, has been success-
fully achieved by a multistep process, H,-encapasulated
higher fullerenes such as H,@C,, are still waiting to be
made. Similarly, the preparation of H,O@Cgy, H O@C5,
NH;@Cg and NH;3@C-g is an even more challenging task.
However, their endohedral "H NMR chemical shifts would
be of great interest to chemists.

We therefore would like to predict the endohedral 'H
NMR chemical shifts of various as-yet-unreported endof-
ullerenes. These unknown H,-encapasulated higher fuller-
enes and their derivatives include H,@C7, (32), H,@Cr¢
(33), three isomers of H,@C-s (34-36), H,@C-oH, (37),
H,@Cr0Hy (38), Hy@Cr0Hs (39) and H,@C70H o (40). Ho-
encapasulated heterofullerenes include H,@CsoN™ (41),
H>@CsoNH (42), Ho@Cs;N5>* (43), Ho@Cs7NsHs (44),
two isomers of H,@CgN™ (45 and 46) and two isomers
of H,@CgsNH (47 and 48). H,O- and NHj3-encapasulated
fullerenes include H,O@Cq, (49), H,O@C,;, (50),
NH3@C60 (51) and NH3@C70 (52) Hz@Ca)Hz (53) is in-
1036
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by the GIAO-B3LYP/3-21G//PM3 method and the corre-
sponding corrected chemical shifts were generated from
Equation (1). The calculated and corrected chemical shifts
are collected in Table 3.

By comparison of the corrected chemical shifts (d¢o) Of
the H,-encapasulated fullerene compounds (1-22, 32-40) in
Table 2 and Table 3, it can be seen that the J.,,. values for
H,@Cg, and H,@C5 are located at two extremes, and that
all the other J.,,, values, including those of the derivatives
of H,@C¢y and H,@C;, as well as the higher fullerenes
H,@C7s and H,@C7g, lie between the two extremes. For
H,-encapsulated closed-cage [60]fullerene monoadducts,
Jeorr €xhibits an upfield shift relative to that of H,@Ce,
increasing gradually from the monoadduct with a three-
membered ring (3) to the monoadduct with a five-mem-
bered-ring (4). The J..,, values show an even more drastic
upfield shift for the H,-encapsulated multiadducts of Cg,
(6-8). The ... values for open-cage [60]fullerene deriva-
tives 9-20 also display a significant upfield shift compared

Eur. J. Org. Chem. 2009, 1032-1041
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Figure 7. Structures of H-encapsulated fullerene compounds 32-53 (Q: hydrogen atom; 2: oxygen atom; ©: nitrogen atom).

with that of H,@Cgp. In sharp contrast, the J..,, values for
[70]fullerene derivatives with open- (21 and 22) or closed-
cage structures (37-40) demonstrate a downfield shift rela-
tive to that of H,@C;,. The above phenomena have also
been observed in the endohedral *He NMR chemical shifts
of fullerene compounds.??

The H,-encapasulated heterofullerenes show some inter-
esting and unexpected endohedral chemical shift behaviour
compared with their unsubstituted parent fullerenes. The
Ocorr data for H,@CsoN* and its derivative are slightly
downfield-shifted compared with the parent fullerenes (0 =

Eur. J. Org. Chem. 2009, 1032-1041
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-1.83 ppm for H,@CsoN* vs. —1.88 ppm for H,@Csy,
—4.49 ppm for H,@CsoNH vs. —4.72 ppm for H,@CgoH>).
The recently reported triazafullerene Cs;N523 is more likely
to exist as Cs7N3>* or Cs;N3H;. The calculated ., for
H,@Cs7N53" is —0.78 ppm, and is shifted further downfield
than for Hy@CsoN™. The calculated J.,, for H,@Cs;N3sH;
(0 = -10.13ppm) is quite different from that of
H,@Cs;N5** and thus the actually formed species could
easily be distinguished by their endohedral 'H NMR chemi-
cal shifts. One H,@CgN" isomer (45) has a more down-
field chemical shift than H,@C;y, whereas another
1037
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Table 3. Calculated (d.4.) and corrected (d.o,) chemical shifts for
compounds 32-53.

SpCCiGS 5calc (ppm) 5&:01‘1‘ (ppm)
32 (H,@C0) -15.41 -20.12
33 (H,@Cr6-D5) -7.96 ~12.39
34 (H,@Cys-D3) -2.04 -6.25
35 (H,@Crs-C»,) ~6.50 -10.88
36 (H,@Cr5-C>,) —6.63 ~11.00
37 (H,@C70H>) ~14.68 ~19.36
38 (H,@C;0H.) ~13.65 ~18.29
39 (H,@C;0Hy) -7.51 -11.92
40 (H,@CroH ) -7.26 ~11.66
41 (H;@CsoN™) 221 -1.83
42 (H,@CsoNH) -0.35 —4.49
43 (H,@Cs/N5*") 3.22 -0.78
44 (H,@Cs;N;H3) -5.78 -10.13
45 (H;@CgoN™) ~12.98 ~17.59
46 (H,@CgN™) ~15.56 -20.28
47 (H,@CgNH) -13.66 -18.30
48 (H,@CsNH) ~15.66 -20.38
49 (H,O@Cq) -3.15 -7.39
50 (H,O@C) -20.59 -25.50
51 (NH;@Cyo) -4.09 -8.37
52 (NH;@Cr) -21.46 -26.40
53 (H,@CgoH>) -0.57 -4.72

H,@CgoN™ isomer (46) exhibits a shift in the reverse direc-
tion. Similar trends in the chemical shifts can also be seen
for Hy@CgNH: one isomer is more downfield-shifted and
another one is more upfield-shifted than H,@C;,H,. In
contrast to the derivatives of H,@C-y, the derivatives of
both H,@CgN™" isomers display upfield shifts (-18.30 and
—-20.38 ppm for Hy@CgNH vs. —17.59 and -20.28 ppm for
H>@CeoN™, respectively). These results indicate that substi-
tution of carbon atom(s) in fullerenes by nitrogen atom(s)
has a noticeable effect on the endohedral '"H NMR chemi-
cal shifts.

The endohedral chemical shifts also strongly depend on
the orifice sizes of the open-cage fullerene compounds, as
can be seen in compounds 9-20. The larger the orifice size
is, the more upfield the endohedral chemical shift. Never-
theless, the J.,, value is little affected by the addends of
endofullerenes with the same addition pattern and/or fuller-
ene motif, for example, around —10 ppm for the H,-encapa-
sulated multiadducts 6-8, around —7 ppm for H,-encapasul-
ated open-cage compounds 16-18 and around —14 ppm for
H,O-encapasulated open-cage compounds 28-30.

Note that the endohedral '"TH NMR chemical shifts of
H,, H,O and NHj in a fullerene cage gradually move up-
field. For example, the J.,,, values for H,@Csgy, H-O@Cyg,
and NH;@Cg, are —1.88, —7.39 and —8.37 ppm, meanwhile
those for H>@C;y, H,O@C;, and NH;@C;, are —20.12,
-25.50 and -26.40 ppm. A 5.51 ppm upfield shift is seen
from H,@Cg, to H,O@Csp, and nearly the same value (¢
=5.38 ppm) is found from H,@C-, to H,O@C7y. Changing
the encapsulated molecule from H,O to NHj leads to an
additional upfield shift, that is, 0.98 and 0.90 ppm for Cgq
and C,, respectively. The computed corrected chemical
shifts for H,, H,O and NHj are 1.13, -4.47 and -5.24 ppm
by the GIAO-B3LYP/3-21G//PM3 method, that is the same
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trend and comparable chemical shift differences (5.61 and
0.77 ppm, respectively) as the encapsulated species. The en-
dohedral '"H NMR chemical shift differences for Hy@Cg,
H,O@C¢, and NH;@Cyg, relative to the corresponding free
guest molecule are 3.01, 2.92 and 3.13 ppm, whereas those
for H,@Cy, H,O@C7, and NH3@C are 21.25, 21.03 and
21.16 ppm. Therefore, the fullerene skeleton of either Cg or
C;0 has nearly the same shielding effect on the encapsulated
molecules.

Comparison Between Endohedral 'H and 3He NMR
Chemical Shifts

With the aim of better understanding the endohedral
chemical shifts of the encapsulated molecule in fullerene
compounds, we attempted to find the relationship between
the endohedral 'H and *He NMR chemical shifts with the
free molecule as reference. Only five fullerene compounds
encapsulating either H, or *He have experimental data for
both endohedral 'H and *He NMR chemical shifts relative
to the corresponding dissolved free molecule. For the H,-
encapsulated fullerene compounds, these are compounds 1—
5. We name the *He counterparts as compounds 54-58.

Both the GIAO-B3LYP/3-21G//AM1 and GIAO-
B3LYP/3-21G//PM3 methods were employed to calculate
the endohedral 'H and *He NMR chemical shifts. The lin-
ear regression fittings between calculated and experimental
chemical shifts for compounds 1-5 relative to free H, and
those for compounds 5458 relative to free *He are shown
in Figures 8, 9, 10 and 11. The e, Ocorr and Jey,, values
for compounds 1-5 relative to free H, and those for com-
pounds 54-58 relative to free 3He are listed in Table 4.

-4.5-
-5.0-

-5.5
] 5, =—1.355¢1.325 5

R=0.996

SD=0.138

-6.04
-6.54
-7.04

8,,, (PPM)

80
85
9.0

—95 T ¥ T T T
-6.0 -5.5 -5.0 -4.5 -4.0 -3.5

8., (PPM)

Figure 8. The linear fitting between dey, and dg,c (calculated at the
GIAO-B3LYP/3-21G//AMI1 level) for compounds 1-5 relative to
free H,.

As can be seen from Figures 8—11 and Table 4, the two
methods provide excellent correlation between deorr and ey,
for both series (compounds 1-5 vs. compounds 54-58).
Furthermore, the d.or and deyp, values for compounds 1-5
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Figure 9. The linear fitting between dey, and dg,c (calculated at the

GIAO-B3LYP/3-21G//PM3 level) for compounds 1-5 relative to
free H,.
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Figure 10. The linear fitting between dey, and ey (calculated at the
GIAO-B3LYP/3-21G//AMI1 level) for compounds 54-58 relative to
free He.

relative to free H, are very close to those of compounds 54—
58 relative to free 3He, which indicates that the fullerene
skeleton has a similar magnetic effect on both the encapsu-
lated H, and *He.

European Journal
of Organic Chemistry
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1 R=0.990
7.0 SD=0.202

-7.54

5, (PPM)

-8.0
-8.5+
-9.04

-9.54

T
-4.5

Oy (PPM)

calc

Figure 11. The linear fitting between Jex, and d,c (calculated at
the GIAO-B3LYP/3-21G//PM3 level) for compounds 54-58 relative
to free *He.

In our previous work on endohedral *He NMR calcula-
tions, our data demonstrated that the J.,., values for
SHe@Cg, and *He@C5, calculated by the GIAO-B3LYP/
3-21G//PM3 and GIAO-B3LYP/3-21G//AM1 methods are
very close to the experimental values.['”l The é,,, difference
between *He@Cg and *He@C, is 22.66 ppm at the GIAO-
B3LYP/3-21G//PM3 level and 22.75 ppm at the GIAO-
B3LYP/3-21G//AM1 level, nearly identical to the d.y, differ-
ence (6 = 22.50 ppm).I'"?! As shown in Table 2, the ., val-
ues for H,-, H,O- and NHs-encapsulated endofullerenes co-
incide with their experimental Jy,, data, and the .., differ-
ence between H,-encapsulated Cgy and C;o is 18.24 ppm,
close to 18.11 and 18.03 ppm for the H,O- and NH;-encap-
sulated C4y and C4. The similarly large chemical shift dif-
ference between encapsulated Cgy and C,, indicates that the
endohedral He, H,, H,O and NH; are excellent indicators
of the magnetic properties of the fullerene skeleton. Thus,
an encapsulated H,, H,O or NH; molecule can also be a
sensitive and powerful NMR probe for exploring the ring
currents of the fullerene cages.

Conclusions

Endohedral 'H NMR chemical shifts of various reported
H,- H,O- and NHj3-encapsulated fullerene compounds have
been calculated at the GIAO-B3LYP/3-21G and GIAO-HF/

Table 4. Calculated (dcare), corrected (dcorr) and experimental (deyp,) chemical shifts (in ppm) for compounds 1-5 and 54-58.

Species B3LYP/3-21G//AM1 B3LYP/3-21G//PM3 Species B3LYP/3-21G//AM1 B3LYP/3-21G//PM3
6calc 5corr 6calc 5001'1' 6cxp 6calc 5corr 6calc 5corr 6cxp

1 -5.67 -8.87 -5.40 -8.90 —8.840 54 —5.83M0 -9.11 —5.53[0] -8.97 9.11K
2 -3.45 -5.92 -291 -5.90 —5.980 55 —3.68 -6.23 —3.2200 -6.25 —6.301d!
3 -5.02 -8.01 —4.79 -8.16 —7.811 56 —5.19[0 -8.25 —5.01 -8.36 -8.06l¢
4 -5.84 -9.09 -5.40 -8.90 -9.18 57 —6.00 -9.33 —5.95[0 -9.46 —9.45ld
5 -5.39 -8.50 -5.09 -8.53 —8.581l 58 -5.60 -8.80 -5.30 -8.70 -8.81M
[a] Ref[%"] [b] Data taken from ref.['?l [c] Ref.[*] [d] Ref.[*®! [¢] Ref.[>4]
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3-21G levels of theory with AM1- and PM3-optimized geo-
metries. The linear regression fitting of the calculated and
experimental chemical shifts for each of the four methods
yields regression coefficients and standard deviations that
indicate that the GIAO-B3LYP/3-21G method is better
than the GIAO-HF/3-21G method. The corrected 'H
NMR chemical shifts were calculated from the correlation
equation in each case. By comparing the regression coeffi-
cients, standard deviations and maximum and mean errors
of the corrected chemical shifts obtained by the four em-
ployed methods, it can be concluded that the GIAO-
B3LYP/3-21G//PM3 method is the best one for calculating
the endohedral "TH NMR chemical shifts of endofullerenes.
The corrected chemical shifts given by the GIAO-B3LYP/
3-21G//PM3 method are close to the experimental values,
mostly within 1.00 ppm. For any interesting as-yet-unre-
ported H,-, H>O- or NHj-encapsulated fullerene com-
pound the endohedral '"H NMR chemical shifts can be pre-
dicted by the correlation equation established by the GIAO-
B3LYP/3-21G//PM3 method. The chemical shifts calculated
are expected to apply to the structural assignments of H-,
H,O- or NHj3-encapsulated fullerenes and their derivatives.
Generally, H,-encapsulated [60]fullerene derivatives with
both closed- and open-cage structures show upfield en-
dohedral chemical shifts relative to H,@Cgo. In contrast,
those of [70]fullerene derivatives exhibit downfield en-
dohedral chemical shifts relative to H,@C-o. Similar phe-
nomena have also been observed in the shift tendency of
the endohedral *He chemical shifts of *He-encapsulated ful-
lerene compounds. Nitrogen-substituted heterofullerenes
and their derivatives display intriguing endohedral chemical
shifts compared with their parent fullerenes and should be
of great interest and deserve further experimental studies.
Just like the encapsulated *He atom, the encapsulated Ho,
H,O or NH; molecule can be employed as a sensitive NMR
probe to investigate the ring currents of fullerene cages and
to follow chemical reactions of endofullerenes at the ex-
terior of the fullerene cage.
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