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The equilibrium geometries and frequencies of endohedral complexes between H, He, Ne, At, B Li

Be', Be*", Na, Na, Mg, Mg", and Mg+ and dodecahedrane (X@4E.;) were computed at B3LYP/
6-311+G(d,p). The majority have, minima; the exceptions, X@gH2o (X = Be, Be', Be#t), haveCs,
symmetry with X localized against an inner cage face. Cag€ ®onds shorten slightly<0.01 A) and cage

C—H bonds lengthen slightly<(0.02 A) in the series: M@ CyH20— M*@CyH20 — M@ CroH20 (M = Li,

Na, Be, Mg). These subtle changes in dodecahedrane geometry are due to donation of electron density from
the encapsulated metal atom into the €bonding and €H antibonding endohedral complex HOMO, which

has a structure closely resembling the LUMA\f of dodecahedrane. The zero point-corrected inclusion
energies of LT@ CyHzo (In; —12.7 kcal/mol), Bé@CyoHz20 (Cs,; —1.3 keal/mol), B&" @ CyoHz0 (Cs,; —236.3
kcal/mol) and M@*@CyoH2o (In; —118.0 kcal/mol) are exothermic relative to their isolated components.
However, all the endohedral dodecahedrane complexes are higher in energy than their corresponding exohedral
isomers. Endohedral He and'Lthemical shifts are 0.9 and 1.9 ppm, respectively. Mg (M = Li, Na,

Be, Mg) species possess lower first ionization potentials than the Cs atom (3.9 eV) and, therefore, are
“superalkalis”. Removal of dodecahedrane hydrogens can increase endohedral complex stability significantly.

Thus, endohedral beryllium in the beryllocene complex, Be@ (Dsq) is 75.3 kcal/mol more stable than

its isolated components, in contrast with Be@H3, which is unstable by 127.7 kcal/mol. Dodecahedrane,
He@GoHzo and Lit@CyoH,o B3LYP/6-31G(d) and B3LYP/6-3HG(d,p) absolute energies did not change
significantly (<0.31 kcal/mol) when computed using either a pruned (75,302) or pruned (99,590) integration
grid; with the addition of zero point energy the maximum deviation was less than 0.53 kcal/mol.

Introduction
H, He, Ne, Ar
Many members of a new class of novel materi@gndohe- + X =< Li%, NaO* —
dral fullerene complexes incorporating metal catidfsoble Bel 2, Mgt
5,6 i 8 .
gas>®and nitrogen atom&® have been prepared. However, until CaoHlzo X@CaoHzo

very recently endohedral complexes of smaller hydrocarbon _. _
cages such as dodecahedrane (Figure 1) have largely beer'?Igure 1. Endohedral dodecahedrane derivatives, X@ks.

relegated to the realm of computation (vide infra). Dodecahe-
drane has an interior diameter of 4.4 A, 40% smaller than the
7.1 A diameter of G. Since only low degrees of incorporation
have been achieved experimentally in forcing atoms such as
He (0.02% He@g)® inside fullerenes, the prospects for

the energy of X@&H2o with the sum of the energies of the
components; we refer to this quantity as the inclusion energy,
Einc (kcal/mol) shown in Table 1. The levels of theory at the
time were insufficient to estimate accurate inclusion energies.
synthesizing an endohedral derivatized dodecahedrane molecul o(;/vever, they d'? glonctl)udle 431? t?/e rz?dé)cal amor;hof d(;)(;j_;e_ca- |
appeared poor. Recently, however, Cross, Saunders, and Prin-fe rtane \r/]vads ':Jns able (by ¢ cla mf[).g edqause b'te Ia F'I lona
zbacH? applied their helium molecular beam bombardment eec r%n ad to occupy a s rolng yd?‘”' ;)n :jnghoé '?d(d'gurﬁ
procedure (developed for X@g} to CooHzo and obtained200 2). Subsequent computational studies of endohedral dodecahe-

- . drane derivatives (Table 1) include Dixon, Deerfield and
ug of He@GeH20. The degree of He incorporation (0.0_1% Graham’4? PRDDO(X@Q H) (X = H*, H He Lit Li-
He@GgH20) was comparable to that resulting from helium Be. and B&") analysis Digcﬁoand Schu,lm;i*ﬁyly:/ST,OB(lB
bombardment of 6. ' P
. X@C20H20 (X = H+, He, LI+, Be, Bé, Be2+, Na*, and M92+)

In 1978, Schulman and D|séhpsed ".\IDO and.CI\_IDO jnvestigation, and the recent report from Jimenez-Vazquez,
methods to study dodecahedrane, its fluorinated derivatives, an amariz and Crod§ on higher level B3LYP and MP2 calcula-
the inclusion compounds, X@gHxo (X =e~, H, HT, H™, Li™, tions on He@GoH0 and Ne@GoH
Be, Na", and H).12 The latter were evaluated by comparing - 20 20 - ;

' ' ) Dixon et al'® reported exothermic inclusion energies for
" . . HT@CyoH20 and BéT@CyoH20, Which they attributed to the
N Sgir\;gfg?”g'f”g;“rthigr- E-mail:schleyer@chem.uga.edu. small sizes of the encapsulated ions and polarization stabilization
E Universit‘é E”ange%_,{,mberg_ between the charged particle and th_e hydroqarbon cage. Disch
8 University of Hyderabad. and Schulmalt computed exothermic inclusion energies for
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TABLE 1: Summary of Computed Inclusion Energies Einc), Evaluated as the Difference between the Absolute Energy of
X@C,oH20 and the Sum of the Separated Components (kcal/mol) (X is the encapsulated species, located at the mid-point of each

cage)
X@CyoH20 H He Ne Lit Li Li~ Na Na Be Be" Be?* Mg Mg?*
INDO/CNDO*1? -30 22 —-183 25 420 —519
PRDDO13 45.7 154 304.4 307.6 —-112.6
HF/STO-3G 4 43.3 —5.2 76 299 107 -—167 —56.7
B3LYP/6-311G(d,#?® 375 100.7
MP2/6-311G(d,d}5 338 983
radius (Ays 0.12 0.12 0.234 0.06 0.13 0.154 0.095 0.125 0.031 0.145 0.065

are=154 A andrcy=1.09 A.Prc_c =153 A, andrcy = 1.10 A.¢rc_c = 1.54 A, andrcy = 1.09 A. 4 This is a CNDO/2 valuet B3LYP/
6-311G(d,p) geometry plus B3LYP/6-311G(d,p) ZPE correctidnP2/6-311G(d,p) geometry plus B3LYP/6-311G(d,p) ZPE and counterpoise

correction.

CyoH, LUMO (4,

Mg@C,,H,, HOMO (4,) Mg@C,H,, LUMO (T',)

CyoHay HOMO (G,)
3% T a ¢ @ 0
’ A8 ¥ pf

/

Figure 2. CaoHzo (In), Mg2™2r@CyoH2o (In) and B2 @CyoH20 (Cs,) frontier molecular orbitals. Note the-€&C bonding and €H antibonding
contributions to the HOMO of Mg@4gH20 and Be@ GoH20, the SOMO of Mg @ CyoH20, and the LUMO of GoHzo, Mg?T @ CyoH20 and B&+@ CagHzo.

X@CooHao (X = HT, Lit, Be#* (1A and M@*) at the HF/
STO-3G level with B&"@CygH20 best (167 kcal/mol).Eine
He@GoH20 was moderately endothermic (43 kcal/mol) while
Be@GoH2o was the least stable (299 kcal/mol relative to
uncomplexed Be and dodecahedrane). Disch and Schiftman
found that the atomic charges on'L(H0.96) and N& (+0.96)
were close to unity and noted that the extent of covalent
interaction between the cage and land Na was negligible,
e.g., Li" 2s 0.01 e, 2p 0.12 e at the HF/STO-3G level. The

and 100.7 kcal/mol, respectively (Table 1). Thg., however,
decreased around 3 kcal/mol at MP2/6-311G(d,p)//MP2/6-311G-
(d,p)+ B3LYP/6-311G(d,p) ZPE to 33.8 kcal/mol (He@f20)

and 98.3 kcal/mol (Ne@4#H20). They noted that the dodeca-
hedrane cage distorted very little after the introduction of He
or Ne, and that there was a sma#l3 kcal/mol) change in zero
point energy after encapsulation resulting from a néw

vibration in the endohedral complex. Jimenez-Vazquez.t al

also compared the GIAO/B3LYP/6-3115(3df,2p) He NMR

Be?t@CyoH20 endohedral derivative, however, did show con- chemical shift relative to the unencapsulated noble gas and found
siderable charge transfer from the cage framework (0.94 e) intothat the endohedral helium atom was slightly deshielded by 1.51
the beryllium 2s and 2p orbitals leading to an approximafe sp ppm16é

hybridization ratio. Finally, Disch and Schulm&restimated
that the electron affinity of B @ CyoHo was 138.5 kcal/mol,
close to that of unencapsulatedBg56.9 kcal/mol) but much
less than unencapsulated?B¢407.9 kcal/mol). Therefore, they
concluded that the difference in electron affinity between
Be*t@CyoH20 and unencapsulated Bearose as in the former
the beryllium was in charge statel, with nearly one electron
transferred from the framework, in strong agreement with their
computed beryllium atomic charge ef1.

Jimenez-Vazquez et.& computed B3LYP/6-311G(d,p)

In light of the recent experimental success of Cross, Saunders,
and Prinzbach? we have extended our previous related studies
on endohedral borane, alane, and gallane compliéxXéso
dodecahedrane inclusion complexes using density functional
theory calculationg? First, the stabilities of geometry optimized
endohedral and exohedral complexes were probed by computing
endohedral inclusion energieBi{) = X@CyoH20 — [CaoH20
— X], exohedral binding energieEfng) = X — CyoHzo —
[Ca0H20 — X] and exo< endo isomerization energieEidom)
= X@CyoH20 — X — CyoH20). Second, the energies of geometry

zero point energy (ZPE) He and Ne inclusion energies of 37.5 optimized endohedral complexes was used to calculate ionization
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TABLE 2: Gaussian 94 (G94) and Gaussian 98 (G98), B3LYP/6-31G(d) and B3LYP/6-3+G(d,p) CyoH20, He@CGoH 20, and
Li *@CyoH 20 Absolute Energy, Zero Point Energy (ZPE, kcal/mol), and First Vibrational Frequency ;) Computed Using
(75,302) and (99,590) DFT Intergration Grids with Very Tight SCF Convergence

B3LYP/6-311G(d,p) B3LYP/6-31G(d)
G94 G94 G98 G98 G94 G94 G98 G98
(75,302) (99,590) (75,302) (99,590) (75,302) (99,590) (75,302) (99,590)

CaoH20

energy —774.35923 —774.35967 —774.35951 —774.35963 —774.18505 —774.18548 —774.18538 —774.18548

ZPE 223.89 223.56 224.02 224.06 225.64 225.80 225.76 225.80

w1 (cm™1) 477.8 474.9 478.5 479.6 479.5 481.8 480.2 481.8
He@GoH2o

energy —777.21667 —777.21665 —777.21647 —777.21658 —777.03629 —777.03641 —777.03626 —777.03641

ZPE 226.81 226.78 226.73 226.76 228.57 228.54 228.49 228.55

w1 (cm™1) 503.4 503.1 502.4 502.5 505.0 505.4 505.1 505.5
Li*@GCyoH20

energy —781.66671 —781.66666 —781.66622 —781.66631 —781.49796 —781.49806 —781.49791 —781.49806

ZPE 225.10 225.04 225.01 225.03 226.30 226.45 226.40 226.45

w1 (cm™1) 367.0 367.9 355.8 355.2 330.7 362.7 347.6 363.0

potentials and natural charge analysis used to obtain atomicboth thel,, andCs, Be@ GgHzo, Be™@CooH20, and BET@ CgHzo
hybridizations and charges. Third, as first noted by Schulman endohedral derivatives.

and Discht! NMR spectroscopy is a powerful tool for detecting Exohedral complexes, XCooH2o (X = He, Ne, Li, Lit, Li~,
X@C,oH20 and consequently we computed chemical shifts for Na, Na", Be™, Be*t, Mg+, Mg?") also were B3LYP/6-311+G-
promising even-electron endohedral derivatives$XHe and (d,p) optimized inCs, symmetry. B3LYP/6-31G(d) frequencies
LiT) as an aid to future experimental effoftsOur results, were computed for the exohedral cation(LNa*, Be*, Mg™)
which extend earlier theoretical predictions, highlight the size and dication (B&", Mg?") complexes, optimized at the same
dependence of endohedral complex stability and reveal thelevel. X—CyHzo (X = He, Ne, Li, Li~, Na, Be, Mg) exohedral
dramatic effect of encapsulation on the ionization potentials of binding energies were negligible and frequencies were not
the enclosed atoms. Finally, another way to achieve endohedralmeaningful for these weakly interacting complexes.

binding is to remove dodecahedrane hydrogens and to this end, Decadehydrododecahedrane,diq) and its metallocene
we explore prototype beryllocene (Be@H10) and magne- complexes, M@gH1o (M = Be, Mg) were B3LYP/6-31G(d)

socene (Mg@&Hi0) structures. optimized in Dsqy symmetry using Gaussian 98;frequency
analyses (at the same level) characterized the metal-incorporated
Methods structures as minima. jgHi0 had a UB3LYP/6-31G(d) triplet

minimum; optimization as a singlet (same level) failed to

Patchkovskii and Thiét computed the inclusion energy for  converge since the distal cyclopentadienyl radical moieties do
He@Gyo using Turbomol&?6and Gaussian 94DFT integra- not “communicate” electronically.
tion grids ranging in size from 1742 and up to 149 504 grid  Atomic charges were provided by Natural Bond Order (NBO)
points per carbon atom. They found ttHat; only converged analysis®® Geometric parameters, unscaled zero point energies
(to within 0.2 kcal/mol) for the larger DFT integration grids, (ZPE), lowest frequenciesf), and natural charges summarized
e.g., spherical product (96,32,63) in Gaussiaff @d Lobato in Tables 3, 4, 5, and 6. B3LYP/6-315(d,p) vertical and
(95,32,64) in Turbomolé>?® As a test, we computed the adiabatic M@GoH2o (M = Li~, Li, Na, Be, B€, Mg, Mg")
B3LYP/6-31G(d) and B3LYP/6-3HG(d,p) energy, zero point  ionization potentials given in Table 7.
energy and vibrational frequencies foggH20, He@GoH20 and He@GoH20 and Lit@ CyoH20 B3LYP/6-31HG(d,p) NMR
Li T@CoH20 using Gaussian 94%(G94) and Gaussian 98% chemical shifts were computed using the Gauge-Independent
(G98) pruned (75,302) fine and (99,590) ultrafine grids. From Atomic Orbital (GIAO) method, as implemented in Gaussian
Table 2 it can be seen that for a given basis set, the energies9822 Nucleus Independent Chemical Shifts (NIESF were
ZPEs, and first vibrational frequencies are essentially identical computed GIAO/B3LYP/6-311G(d,p) at the center of dodeca-
and that there is no evidence for a grid effect for either the hedrane (Bq@%&H20)3® and a five-membered ring face. Indi-
empty cage or the endohedral complexes. Furthermore, despitesidual contributions of bonds and core electrons to endohedral
the changes introduced into G%&o improve the efficiency Bqg, He, and LT total shieldings were evaluated using Kut-
with which DFT frequencies are comput&dthe different zelnigg's Individual Gauge for Localized Orbitals (IGLO)
generations of Gaussian produce very similar results. Therefore,method®* as implemented in the deMon NMR progrémin
we used the GF8default pruned (75,302) fine integration grid  conjunction with the Perdew-Wang-91 functional and IGEO
to evaluate final B3LYP/6-31tG(d,p) energies, frequencies, 1ll TZ2P basis set. Magnetic shieldings and chemical shifts are
and GIAO NMR chemical shifts. We did not examine the effect summarized in Table 8.
of grid size on the exohedral complexes, which were computed . .
using the GO& default (75,302) fine grid, as were all B3LYP/  Results and Discussion

6-31G(d) results reported herein. Geometries. Table 3 contains the optimized bond lengths
Endohedral complexes, X@#H2 (X = H, He, Ne, Ar, Li, and lowest vibrational frequencies (or imaginary frequencies)

Li*, Na, Na, Be, Be", B&#", Mg, Mg*, Mg?") (Figure 1) were for 1, dodecahedrane, dodecahedrane radical cation, dodecahe-

B3LYP/6-31H-G(d,p¥° optimized inl, symmetry using Gauss-  drane radical anion, and X@¢E»o derivatives. Whereas the

ian 9822 frequency analyses (at the same level) characterized dodecahedrane radical anion minimum retaipsymmetry,

the optimized structures. Tl&, symmetric endohedral minima, icosahedral dodecahedrane radical cation has three imaginary

X@CyH2o (X = Be, Be", Be#") were computed in the same frequencies; JakaTeller distortion (shown in Figure 3) leads

way. The B3LYP/6-313G(d,p) wave functions were stable for to a Dp CagH20™ minimum (shown in Figure 4%
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TABLE 3: |, Symmetry Optimized CyoHz0, CaoH20™, CaoH20*, and X@ CyoH 20 B3LYP/6-311+G(d,p) Absolute Energies Hy),
ZPE (kcal/mol), Lowest Vibrational Frequency (cm2) [or imaginary frequency] and Optimized Bond Lengths (A) [The CyoH2o
radical cation is a Do, minima (see Figures 3 and 4 for details).]

energy ZPE w1 rc—x fc—c o

CaoH2o —774.35963 224.06 479.6 2.1979 1.555 1.092
CooHag™ —774.04135 216.1¢% —330.4 (NImag=3)° 2.20pP 1.53¢ 1.098
CooH2o™ —774.33343 217.30 252.2 2.974 1.552 1.098
H@ CzoH20 —774.80902 226.79 487.3 2.188 1.562 1.093
He@GoH2o —777.21658 226.76 502.5 2.190 1.563 1.092
Ne@ GoHao —903.15732 22491 507.5 2.214 1.580 1.091
Ar@CyoHzo —1301.39582 219.35 615.7 2.274 1.623 1.093
Li@CyoH20 —781.76771 222.43 513.2 2.196 1.567 1.092
Lit@GCyoH20 —781.66631 225.01 355.2 2.200 1.570 1.087
Li-@GCoH20 —781.78384 222.04 342.0 2.195 1.566 1.094
Na@ GoHzo —936.45802 222.68 525.9 2.220 1.584 1.091
Nar@ CoH2o —936.36031 224.87 446.1 2.223 1.586 1.086
Be@GoHzo —788.81668 215.95 356.8\Imag= 3) 2.202 1.571 1.101
Bet@CxoH20 —788.67060 218.99 522.2WNImag= 3) 2.205 1.574 1.093
Be?*@GCyoH20 —788.36842 220.77 369.8\Imag= 3) 2.202 1.571 1.087
Mg@ CyoH20 —974.15435 217.23 371.3 2.221 1.585 1.098
Mg @ CaoHa2o —974.02868 219.35 364.8 2.224 1.587 1.093
Mg?" @ CyoH20 —973.78767 223.40 381.7 2.227 1.589 1.085

a|n this case, X is a dummy point placed at the center of the ¢ag8LYP/6-31G(d) optimized geometry and frequency.

ty (LUMO)

4 4, somo)
7 4?1- -H- —& —H- 9 (SOMO-1)

— e t,(LUMO-)  te
CapHag™ (n)
ag (LUMO)

%%ﬂ-% g, (HOMO) \ — ag(LUMO)

e JR—

o} ! hY
20M20 (/1) _1_ 2, (SOMO)

_H_ by (SOMO-1)
| _H_ b3 (SOMO-2)

‘H‘ "H' —H' _1— _H. b, (SOMO-3)

CadHao™ (Dan)

Figure 3. Schematic showing the salient molecular orbitals of dodecahedrane, its radical anion, and radical cation. Note Tredldatiistortion
from |, to D2, by the dodecahedrane radical cation.

With the exception of Be@#H2, Bet@CyoH20, and has the shortest-€H bonds (1.085 A). Similarly, it can be seen
Be2t@CyoHa0, all Iy, dodecahedrane inclusion complexes are in Figure 7 that the €H bonds are longer in Li@4H20 and
minima. Following the triply degeneralg, imaginary frequen- Na@ GgHazo than in Lit@CyoHz0 and Na @ GyoHag, respectively.
cies for all three beryllium derivatives results@®s, endohedral These subtle changes in dodecahedrane geometry upon complex
complexes (Table 4), with the endohedral atoms located againstformation can be understood by examining the LUMO of the
an inner cage face (shown in Figure 5). The twelve identical parent GoHzo (shown in Figure 2), which is €H antibonding
minima correspond to a “monkey saddle” of higher ordérhe and C-C bonding. The odd electron of the radical anion of
Be—C bond distances to the adjacent cage faces are: 1.793 Adodecahedrane occupies this molecular orbital (SOMO) and,
(Be@GgH20), 1.758 A (B€ @CyoH20), and 1.735 A (B& @ therefore, as shown in Figures 7 and 8, the@bonds shorten
CuoH20). The smallest ion in our set of endohedral units i$Be  and C-H bonds elongate. Similarly, the LUMO of M& CGgH2o
and the face localize@s, minimum maximizes the electrostatic (M = Li, Na) and M@ CyoHz (M = Be, Mg; shown in Figure
interaction between the dication and the cage. The minimum 2) endohedral complexes are—€& antibonding and €C
involving Mg?", however, has, symmetry. Apparently, Mg bonding. Natural charge analysis (vide infra; Table 5) reveals
(computed charge-1.69) is too large to fit against a cage face. that metals are significantly ionized when encapsulated. They
It is, therefore, somewhat surprising that endohedral beryllium, donate electron density into these @ CoH20 and M@ CyoH2o
which has twice the radius of Mg (Table 1), has &aCs, LUMOs and at the same time reduce their atomic radius,
minimum. This implies that the encapsulated metal has trans- strengthen the cages<C framework, and lengthen the-&
ferred significant electron density onto the hydrocarbon cage, bonds. Further evidence for this effect comes both from the
thus reducing its radius sufficiently to allow it to adopt a face trend in X@GgH20 C—C bond lengths (Figure 8), which are
localized structure. Indeed, the endohedral beryllium natural longer in M2+ @GCyoH20 (M = Li, Na, Be, and Mg) cation and
charge of+1.25 supports this conclusion. dication complexes than in their corresponding neutral M@

Mg@ GygH20 has the longest €H bond lengths (1.098 A) complexes® and from comparison of the bond lengths in
of the icosahedral dodecahedrane derivatives, whil& @:oH20 dodecahedrane radical anion{C = 1.552 A; C-H = 1.098
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1.091A

Figure 4. Equilibrium geometry of B3LYP/6-31£G(d,p) optimized

D, dodecahedrane radical cation.

1.558 A
(1.559 ) ¢
[ .5532 Al

1.558 A
(1.560 A)
[1.562 A] ™

& (1.631A) X (1.
[1.636 A} [

(1.094 A)
[1.088 A]

V< 1.094 A

(1.084 A)
[1.082 A]

Figure 5. Bond distances and-€Be—C bond angle foCs, endohedral
(a) Be@GoHz0, (b) Ber@CyoH20 (parenthetic), and (c) BE@CyoH20
[bracketed] B3LYP/6-312G(d,p) optimized (NImag= 0).

TABLE 4: Non |, Symmetry Optimized CyH 2o Radical
Cation and Endohedral X@C,oH2o B3LYP/6-311+G(d,p)
Absolute Energies H,), ZPE (kcal/mol), Lowest Vibrational
Frequency (cnt?) [Or Imaginary Frequency] and Optimized

Bond Lengths (A)

sym. energykl) ZPE w; geometry
H@GCooHa0 Cs, —774.59594 225.75 638.3 Figure 6
(B3LYP/6-31G(d))
Be@GoH2o Cs, —788.82960 218.22 263.7 Figure 5a
Bet@GCaoH20 Cs, —788.69487 222.00 297.3 Figure 5b
BT @ CyoH20 Cs, —788.38709 222.81 240.0 Figure 5¢
C20H20+' Do, —774.04236 216.35 173.7 Figure4

A) with dodecahedrane (6C = 1.555 A; C-H = 1.092 A).

However, the effect of metal, cation, and dication encapsulation

on dodecahedrane bond lengths is smtik total distortions
in the C—C and C-H bond lengths are less than 0.03 A. This structure of dodecahedrane following introduction of He and
is expected since the relevant molecular orbital involves all forty Ne and a mere 0.068 A stretching of the-C bonds following
atoms in the cage. Therefore, the influence on any one bond isencapsulation of the largest species we computed insigté,

minor.

Moran et al.

Figure 6. Bond lengths and angle for endohedral H@G, UB3LYP/
6-31G(d) optimized irCs, symmetry (displaced hydrogen omitted).

&

1.100 Bo

C20H20(.-) Mg

= C20H20(.+)
L1095 - — e — — ]~ - — -
£ Li-
5 H Ar Mg+
e He Li
g C20H20 Ne Na Be+|
T 10004 — = £0HOH_ [ VWY S I
(8]

Li+ Be2+

Na+ Mg2+

1.085
Figure 7. Graph of C-H bond length ()3\) trend in X@¢&H2o
endohedral derivatives. Dodecahedrane)iitsadical anion, andan
radical cation are included for reference. With the exception of
X@CyH20 (X = Be, Be", B€*"), endohedral complex structures were
B3LYP/6-311G(d,p) optimized inl, symmetry; the former were
optimized inCs, and their average €H bond length (A) plotted. Note
the behavior of neutral Be and Mg, which have an appreciable natural
charge.

1.620

1.600 +—

C-C bond length (A)
o
fee
(=]
]

1.560 4~

1.540

Figure 8. Graph of C-C bond length (A) trend in X@%H2o
endohedral derivatives. Dodecahedrane]iitsadical anion, andan
radical cation are included for reference. With the exception of
X@CyoH20 (X = Be, Be", Be*"), endohedral complex structures were
B3LYP/6-31H-G(d,p) optimized inl, symmetry; the former were
optimized inCs, and their average €C bond length (A) plotted.

There also is a small distortioMC—C < 0.025 A) in the

Ar (Table 3). Jimenez-Vazquez et ‘al.reported identical
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TABLE 5: B3LYP/6-311+G(d,p) Endohedral Complex Inclusion Energies Einc; kcal/mol),2 Natural Charges, and Exohedral
and Endohedral Isomerization Energies Eisom; kcal/mol)P

sym Einc Ox Oc OH Oc—H > Oc-H Eisom
CooHzo In —0.25 0.25 0.00 0.00
CooHoot Dan —0.2%4 0.2% 0.05 1.00°
CooHoo ™ Ih —-0.24 0.19 —0.05 —1.00
H@ CxoH20 In 35.84 0.08 —0.25 0.25 0.00 0.00
He@GoH2o Ih 37.89 0.07 —-0.25 0.25 0.00 0.00 35.41
Ne@GoHzo In 102.96 0.09 —0.25 0.25 0.00 0.00 102.45
Ar@ CyoH20 In 320.15 0.33 —0.26 0.25 —0.01 —0.20
Li@CooH20 In 50.61 0.52 -0.28 0.26 —0.02 —0.40 52.29
Lit@CoH20 In —12.70 0.90 -0.29 0.29 0.00 0.00 17.97
Li~@GyoH20 In 52.97 —0.04 —0.27 0.23 —0.04 —0.80 57.13
Na@ GgH2o In 116.84 0.41 —0.28 0.26 —0.02 —0.40 118.36
Nat@CaoHz20 In 55.33 0.88 —0.28 0.29 0.01 0.20 74.37
Be@GoHao Cs, 127.70 1.25 —0.30 0.24& —0.06 —1.20 133.51
Bet@CyoH20 Cs, —1.26 1.32 —0.3C¢ 0.2% —0.0r —0.20 57.82
Be2*@CyoH20 Cs, —236.29 1.73 —0.3Z 0.3% 0.0 0.20 16.46
Mg@ CaoH20 In 180.51 1.33 -0.31 0.24 —0.07 —1.40 187.27
Mg*@CooHa20 In 86.89 1.51 -0.31 0.28 —0.03 —0.60 111.90
Mg?* @ CooH2o In —118.03 1.69 -0.32 0.33 0.01 0.20 11.79

2 The inclusion energy was evaluated by comparing the ZPE corrected energy of the endohedsgd % @@ plex with the sum of the individual
components ZPE corrected energieAbsolute exohedral complex energy subtracted from the absolute endohedral complex energy. See Table 6
for exohedral binding energie$Average value obtained by summing the natural charge for all atoms (either C or H) and dividing by the total
number of atoms.

TABLE 6: Exohedral Cs, X—CaoHzo B3LYP/6-311+G(d,p) % Fom A
Absolute Energy Ha), Exohedral Binding Energy (Eping;
kcal/mol), and B3LYP/6-311G(d,p) Optimized Bond c :

Lengths (A) between X and the Cage (see Figure 9 for fox
detailsy
X energy ZPE  w; Ebind fc—c¢ fc-H rfc—x [IH-Xx erX
He  —777.27285 —0.12 1.555 1.092 4.312 3.797 i
Ne  —903.32036 —0.21” 1.555 1.092 3.831 3.374
Li —781.85103 —0.08 1.555 1.092 5.073 4.491
Na  —936.64663 —0.14 1.555 1.092 5.036 4.457
Be —789.03097 —0.02 1.555 1.092 8.057 7.354
Mg —974.45278 —0.09* 1.555 1.092 5.665 5.048
Li— —781.87488 —2.14 1.553 1.093 5.132 4.536
Lit —781.69502 226.65 170.9—31.67 1.570 1.100 2.223 2.237
Nat —936.47883 226.13 91.3—19.84 1.564 1.100 2.681 2.511
Be" —788.78683 226.55 178.0—57.02 1.590 1.097 1.969 2.139
Be?t —788.38735 226.73 436.2-235.2P 1.656 1.099 1.730 2.126
Mg+ —974.20763 225.72 65.1—24.3¢ 1.565 1.102 2.617 2.473
Mgt —973.80648 225.03 190.9-129.17 1.588 1.110 2.246 2.293

@ Absolute energy of &Hxo plus X subtracted from the absolute

exohedral complex energy ZPE corrected absolute energy of82o
plus X subtracted from the ZPE corrected absolute exohedral complex
energy.°ZPE (kcal/mol) and fundamental vibrational frequencies@m
computed at B3LYP/6-31G(d) using geometries optimized at the same complex.

level.

changes in He@4#gH20 and Ne@GoH»o geometries following

Figure 9. B3LYP/6-31H-G(d,p) optimized Na—CxyHzo exohedral

bond lengths for exohedral B¢1.969 A) and B&" (1.730 A)
are very similar to their endohedral distances of 1.758 and 1.735

introduction of He and Ne at MP2/6-311G(d,p).

H@CyoH20 and Lit@CyoH20 Were also optimized at B3LYP/
6-31G(d) inCs, symmetry, starting with X against an inner
dodecahedrane face (€fs, Be2@ CoH20). The optimizations, and Mg C-X distances are all greater thé& A and these
however, revert to the, symmetric structures, with the exohedral species are only weakly bound. Figure 10 shows a
endohedral species moving to the cage centers. It appears thaplot of the C-C bond length in the cage face adjacent to
Li* is not small enough to overcome the steric repulsion exohedral X for %-CyoHzo (X = Li, Li ¥, Li~, Na, Na’, Be,
(crowding) from the cage in &s, face localized endohedral Be", and Bé&"); with the exception of B¥, the C-C bond
structure. A more interesting result is obtained when a hydrogenlengths are essentially unchanged. The®'BeCyHyg C—C
atom is placed on &3 axis, adjacent to a cage carbon and bonds are polarized by the adjacent tight fitting dication and
B3LYP/6-31G(d) optimized. Th€3, CyoH21 structure shown the long bonds have increased p character (vide infra).
in Figure 6 has an endohedrat-E bond and an exohedral Inclusion Energies. Table 5 shows the ZPE corrected
coordinated hydrogen atom. This species is a UB3LYP/6-31G- endohedral inclusion energidsi{;) for X@CyoH2o (H, He, Ne,

(d) minimum @; = 638.3 cntl), 19.9 kcal/mol+ ZPE less Ar, Li, Li*, Na, Na, Be, Be", Be#", Mg, Mg", and Mg"),
stable than, H@CyoH20. evaluated by comparing the energy of the endohedral complex

Table 6 summarizes select geometrical parameters (shownwith the sum of X and dodecahedrarg, is significantly
in Figure 9 inset) for optimized exohedral complexes;GeoH20 exothermic for the dications Be (—236.3 kcal/mol) and Mgy
(X =Li, LiT, Li~, Na, Na", Be, Be", and B&"). First, the CG-X (—118.0 kcal/mol). In contrast, Ifiis stable inside gHxo by a

A, respectively, shown in Figure 5. This highlights the excellent
fit that the cation and dication make to the internal cage face in
the Cs, symmetric endohedral complexes. The Li; LNa, Be,
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Figure 10. B3LYP/6-31H-G(d,p) optimized C-C bond lengths in the
dodecahedrane five-membered rings coordinated to exohedral metals
cations, and dications. This bond is labeledc in Figure 9.

mere 12.7 kcal/mol relative to separated bind dodecahedrane.
Assuming Li" and Mg have roughly equivalent radii, this
result indicates that in the absence of size effeBg is
determined by the charge on X. However, the size of the
encapsulated species is also very important, with"Biearly
more stable inside dodecahedrane thadMand Li™ preferred
over Na" by 68.0 kcal/mol.

The inclusion energies in Table 5 are in qualitative agreement
with earlier low level estimaté%'4 and reproduce the recent
B3LYP/6-311G(d,p)+ ZPE endohedral inclusion energies of
Jimenez-Vazquez et.&t However, the accord with their basis

set superposition error (BSSE), counterpoise-corrected MP2/6-

311G(d,p)//MP2/6-311G(d,p} B3LYP/6-311G(d,p) ZPE+
BSSE “best estimates” (Table 1) of 33.75 kcal/mol (Hez)

and 98.34 kcal/mol (Ne@4gH-o) is less satisfactory. The greater
than 4 kcal/mol discrepancies come from their non-ZPE
corrected MP2 inclusion energies (He@l@,, = 27.83 kcal/
mol; Ne@GgH2o = 88.30 kcal/mol), which are significantly
(He@GoH20 = 6.34 kcal/mol; Ne@&yH20 = 9.16 kcal/mol)
lower than their non-ZPE corrected B3LYP/6-311G(d,p) stabili-
ties (He@GoHzo = 34.17 kcal/mol; Ne@&sH20 = 97.46 kcal/
mol). Their counterpoise-correction was 10% of the non-ZPE
corrected MP2 inclusion energy (2.78 kcal/mol); however,
typical of DFT3° the BSSE correction to the B3LYP/6-311G-
(d,p) energy (0.18 kcal/mol) was negligible. Therefore, in view

of the large basis set superposition error and lengthy execution
times associated with MP2 calculations, it appears that density

functional theory is advantageous when computing supermo-
lecular endohedral clusters.

Some interesting comparisons may be made between pu
lished fullerene inclusion energies and the dodecahedrane result
Our X@GoH20 (X = He, Ne, and Ar) inclusion energies (Table
5), are much larger than the He@C—0.3 kcal/mol), Ne@&»
(—1.9 kcal/mol), and Ar@6p (—2.5 kcal/mol) counterpoise-
corrected MP2/6-31G(d,p) inclusion energies 6hBuPatchk-
ovskii, and Thiel° The differences ik, range from 38.2 kcal/
mol for He through to 322.7 kcal/mol for Ar and highlights the
40% difference in interior diameter between the cages. Lithium

Moran et al.

Yu, Ohno, and Kawazdé who reported combined pseudo-

potential GGA DFT plane-wave basis inclusion energies of

Li@Csz2 (—53.1 kcal/mol), Na@#g3 (—26.9 kcal/mol), K@G;

(13.7 kcal/mol), and Be@42(6.9 kcal/mol). Interestingly, when

the size of the two cages is compared, tli&jr results do not

correspond with our dodecahedrane data. The average internal

diameter ofC, symmetric Gy is around 5.3 A, abdul A wider

than GgHzo (4.4 A) and yet by their results Li, Na, and Be are

>100 kcal/mol more stable encapsulated .G he inclusion

energies of Sun et 4f are corroborated in part by the HF/DZ

inclusion energies of Guo, Smalley, and Scugéniéno report

Einc Mg@GCzg = —36.1 kcal/mol.Tq symmetric Gg (diameter

4.9 A) is almost the same diameter as dodecahedrane. However,

Mg is 200 kcal/mol more stable, relative to respective isolated

components, when encapsulated bys CClearly, improved
inding is occurring between the metals and fullerene cages,

which are much better able to encapsulate the metals than

CaoH20.

A salient alternative with which our endohedral inclusion
energies may be compared is the corresponding exohedral
binding energiesHying kcal/mol), shown in Table 6, which show
a charge and size dependence much the sarBg.a$he small
dication B&" has the most exothermic binding energy, followed
by Mg?* and then the cations BeLi™, Mg*, and Na. Metals
Li, Na, Mg, and Be have binding energies close to zero while
Li~ binds GgHzo very weakly (2.1 kcal/mol). The ZPE
corrected energy difference between the exohedral and endohe-
dral structures, termed the isomerization enéfgisom (kcal/
mol) in Table 5, indicates that the exohedral species are in
general energetically more favorablEgyy, is smallest when
Mg?* is the encapsulated species, with an isomerization energy
of 11.8 kcal/mol, it is close to thermoneutral. The isomerization
energies of LT (18.0 kcal/mol) and B¥ (16.5 kcal/mol) are
also relatively low when compared, for example, with Mg (187.3
kcal/mol). While the endohedral structures are less favorable
than the exohedral adducts, such unfavorable energetics are not
prohibitive. For example, He@gH»o was prepareld despite
the He isomerization energy of 35.4 kcal/mol.

Natural Charge and Bond Order Analyses. The natural
charges, listed in Table 5, provide interesting insights into the
distribution of charge within the endohedral complexes. The
+0.52 lithium charge in Li@&H2o exemplifies the significant
positive charges of encapsulated metal atoms. The most ionized
encapsulated metal atom in Table 5 is magnesiti.33);
hence, it is expected to have the greatest electron delocalization

b_into the C—H antibonding GoH20 LUMO (see Figure 2). Indeed,
Mg@CyoHzo has the longest €H bond length (1.098 A) of

the metal dodecahedrane derivatives in Table 3. Furthermore,
the natural charges help explain why beryllium metaCis
localized in Be@@H2o, with a charge on the encapsulated
beryllium metal of+1.25. In this oxidized state it too is small

to fit into the cage center, preferring @s, face localized
structure that maximizes the electrostatic interaction? Be
(charge+1.73) behaves similarly.

cation, on the other hand appears to be only slightly less stable Dodecahedrane encapsulated H, He, and Ne are essentially

inside dodecahedrane than insidg.&arganov, Avramov, and
Ovchinnikow! reported HF/3-21G Li@GCs inclusion energies
of —27.7 kcal/mol Ty), —32.6 kcal/mol Cs,), and—33.8 kcal/
mol (Cs,) are in qualitative agreement with our B3LYP/6-
3114+G(d,p) Lit@CyoH2o (—12.7 kcal/mol) energy.

For dodecahedrane encapsulated meElsbecomes more
endothermic in the series Li, Na, Be, and Mg, following the
increase in atomic radius along a period and down a group of
the periodic table. The same trend was found by Sun, Wang,

neutral and, consistent with Disch and Schulm&hesarlier
findings for He@GoH-o, there is no charge transfer to the cage.
The charge on encapsulated Ar®.33, reflecting the lower
electronegativit§p of this tight-fitting noble gas nucleus com-
pared with helium or neon.

Generally, the hydrogen charges of cation and dication
derivatives are more positive than their neutral counterparts,
consistent with C—H™ bond polarization and the trend of
X@CyoHoE 2t cations and dications to have shorterl@bonds
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TABLE 7: B3LYP/6-311+G(d,p) Vertical and Adiabatic IP (kcal/mol), B3LYP/6-311+G(d,p), and Experimental Gas Phase IP

of Free Atoms and IP Reductions Due to Encapsulation, i.e., Computed Atomic IP- Adiabatic X@CoH 2o IP (kcal/mol) (Values
also shown in eV in parentheses)

ionization process adiabatic IP vertical IP expt IP IP reduction
Li-——Li+e 12.87 (0.56) - - -
Li _@Conz()—> Li@CZOHZO +e (Ih) 10.12 (044) 10.14 (044) — 2.75 (012)
Li—Lit+e 129.53 (5.61) - 124.35°(5.39) -
Li@CaH20— Li *@CaoHzo + € (1) 63.63 (2.76) 63.89 (2.77) - 65.90 (2.86)
Na— Na" + e 125.01 (5.42) - 118.58 (5.14) -
Na@CzoHz20— Nat@CaoHzo + € (In) 61.31 (2.66) 61.50 (2.67) - 63.69 (2.76)
Be— Be' + e 210.22 (9.11) - 215.0$2(9.32) -
Be@GoH 20— Bet@CxHzo + € (Csy) 84.54 (3.66) 86.09 (3.73) - 125.67 (5.45)
Bet — Be?t + e 428.86 (18.59) - - -
Be+@Con20—> Be2+@Con20 + e (CSU) 193.14 (8.37) 193.62 (8.39) — 235.72 (10.22)
Mg — Mg™ + e 178.21 (7.72) - 176.498 (7.65) -
Mg@CZQHzo_’ Mng@Conzo + e (| h) 78.46 (340) 79.15 (343) - 99.75 (432)
Mg+ — Mg2" + e 356.59 (15.46) - - -
Mg+ @CaoH 20— Mg @CaoH 20 + € (I1) 151.63 (6.57) 152.15 (6.60) - 204.96 (8.88)
M* @ C.H TABLE 8: B3LYP/6-311+G(d,p) Isotropic Magnetic
201120 Shielding Tensor and Chemical Shift §) for Nuclei in
Dodecahedrane and Endohedral Dodecahedrane Complexes
carbon 6)° hydrogen §)> X (0)°
Bg@ CzoHz0 (In) 110.2(73.8) 28.5(3.5) —0.4(0.4)
Bq ring center 2.2€2.2)
Bq 1.0 A above ring center 1.9.9)
He@GoHao (In) 107.0(77.0) 28.5(3.5) 59.0(0.9)
[B3LYP/6-311+G(3df,2p)] [106.5 (77.5)] [28.2 (3.8)] [58.6 (1.3)]
M@ CaoHzo Jimenez-Vazquez et.&d 59.9 (1.51)
Figure 11. Schematic showing vertical and adiabatic ionization LiT@GzHzo (In) 111.3(72.7) 27.8(4.2) 93.4(1.9)

ProCesses. 2 Note that in the case of dodecahedrane a ghost atom (Bq) was

) ) o o placed at the cage center, the center of a five-membered ring face, and
relative to their neutral derivatives (vide infra). Shorter i€ 1 A above a five-membered ring face. B3LYP/6-313(3df,2p) data
bond lengths imply increased s character. This is exactly what reported in bracket#.Obtained by subtracting the absolute isotropic
is seen in the NBO computed bond hybridizations, for example, shielding from that of TMS (G= 184.0 ppm [183.0 ppm]; K= 32.0
C—C sp%and G-H sp*®in Li@ CaoH20 compared with G-C ppm [31.7 ppm])*Obtained by subtracting the absolute isotropic

sBP%and C=H s#7%n Li+@GCoH-n. An additional comparison shielding of encapsulated X from the unen'capsulated atom:(EIQ.S_a
ispihe bond h brr)izdizations(%or?oMzo@@ﬁ (C—C Sps.oa %—H ppm [59.9 ppm]; Li = 95_.3 p_pm). Following th_e NICS convention
Yy 9 20 ' the sign of the Bq shielding tensor was inverté&3LYP/6-

sp?89), for Mg*@GCooHao (C—C sp*% C—H sp*™), and for  311+G(3df,2p)//MP2/6-311G(d,p). Isotropic shielding of encapsulated
Mg2t@ CyoH20 (C—C sp+2% C—H sp>®. Increased p character  He 58.4 ppm.
in the C-C bond framework also is obvious, consistent with
the slight cage expansion we observe when comparing neutral Comparable reductions in endohedral fullerene complex
X@CpoH20 (X = Li, Na, and Mg) with X@GoHzd™ 2" cation ionization potentials have not been reported. For example,
and dication geometries. neither the endohedral HF/DZ M@§(M = Mg, Ca, Al, Sc,
lonization Potentials. Vertical and adiabatic ionization S, Si, Ge, Sn, Ti, and Zr) ionization potentials predicted by Guo
potentials (IP; Figure 11) for X@4H20 (X = Li~, Li, Na, Be, et al*3 nor the LSDA/DNP M@G, (M = Li, Na, K, Be, Mg,
Be, Mg, and M¢") endohedral derivatives are summarized in Ca, B, Al, and La) ionization potentials predicted by Broclawik
Table 7. Adiabatic electron affinities computed using the BSLYP  and Eilme&! show an appreciable IP reduction due to encap-
functional and triple5 quality basis sets reproduge experjmgntal sulation seen here for X@gH0. However, they did not employ
values consistentl§f:*” Compared with the experimental ioniza-  heoretical levels that include the electron correlation effects,
tion potentials, our M~ M + e” adiabatic IPs have a median  jmportant for describing the interaction between fullerenes and
error of +5.0 kcal/mol. noble gase? and possibly closed shell metatage interactions.

The IPs of encapsulated Li, Na, Be, and Mg are reduced . . .
considerably relativrt)e to the free metal. Significagntly less than NMR Chemical Sh_|fts.TabIe 8 summarizes th%.HZONlC?S
the ionization potential reductions of either Li, Na, and Mg, and X@GoHz (X = He and LF) NMR chemical shifts
the 235.7 kcal/mol (10.2 eV) reduction ifs, Be® IP (referenced against TMS and unencapsulateql X). The e_ndohedral
(Be*@CaoH20— B @CyoH20 + €) is most dramatic, in part He 0 =0.9 ppm) and L (6.= 1.9 ppm) are slightly de;hlelded
reflecting the radius of the Bé dication. TheCs, Be IP by the cage, in contrast with experimentelle NMR shifts for
(Be@CZOHZO — Be+@Con20 + e—) and I, Mg+ P (Mg+@ He@Go (lh; —6.3 ppm)? He@Go (Dsh; —28.8 ppm)s, and
CadHz0 — Mg2*@CaoHzo + €°) reductions of 125.7 kcal/mol ~ He@GdHas (Dag; —7.7 ppm). An encapsulated helium nucleus
(5.5 eV) and 205.0 kcal/mol (8.9 eV), respectively, also are acts as probe of the magnetic environment within its cage
considerable. Boldyrev and co-work#rs° defined species with ~ host?** as does a NICS point (Bq) at the cage center
first ionization potentials less than the Cs atom (90.0 kcal/mol; (Ba@GoHz0) and there is strong accord between endohedral
3.9 eV) as “superalkalis”. Ranging from 61.5 kcal/mol (2.7 eVv) He (0.4 ppm) and Bq (0.9 ppm) chemical shiftsqlo lacks
to 86.1 kcal/mol (3.7 eV), the first ionization potentials for a fullerene-type mobiler electron system and, not surprisingly,
encapsulated Li, Na, Be, and Mg are significantly less than He@GgdH2o does not experience the upfield ring current induced
cesium, i.e., M@&H2 (M = Li, Na, Be, and Mg) are endohedral He chemical shift observed for the fullerene
superalkalis. complexes.
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Figure 12. B3LYP/6-31G(d) optimizedsq CoH1o (A), Be@GCGgoH1o (B), and Mg@GoH1o (C).

The He@GgH20 NMR chemical shift was re-computed using TABLE 9: Endohedral Dsg M—CayHz (M = Be, Mg; see
GIAO/B3LYP/6-311G(3df,2p) to enable comparison with the ~ Figure 12) B3LYP/6-311-G(d,p) Absolute Energies and

; R 1 _ 14 : Inclusion Energies Enc; kcal/mol).2 ZPE (kcal/mol),
results of Jimenez-Vazquez et’al(o = 1.5 ppm)* At this Fundamental Vibratio?wcal Frequencies (cnt!) and Natural

level our helium chemical shift ié = 1.3 ppm, 0.4 ppm further  charges Computed at B3LYP/6-31G(d) Using Geometries
downfield than at GIAO/B3LYP/6-31tG(d,p) and in close Optimized at the Same Level

agreement with Jimenez-Vazquez etal. M
NICS at the center of afgHzo cage face is-2.2 ppm and,

compared wih NICS at the center o benzend 1.5 ppm) O 5, 16570000 14920 4108 e 1 140 008 930 020

cyclohexane £2.1 ppm)3*° indicates a lack of cyclic electron  mg —967.98279 147.83 316.0 35.92 1.640.15 —0.29 0.27

delocalization in the five-membered ring. Dissected I\H@S aThe inclusion energy was evaluated by comparing the ZPE

show that dodecahedrane-C and ,C_H o bonds contribute corrected energy of the endohedral X@H;, complex with the sum

around 6 ppm ane-4 ppm, respectively, to NICS at the cage  f the individual components ZPE corrected energiearbon atoms

center and that the small deshielding of encapsulated heliumwith hydrogens attached CaoHio (Dsg) minimum is a triplet state.

arises due to the-€C o framework of dodecahedrane. The-C

and C-H bond contributions to NICS at the center of a metallocene-type bondifginvolving some endohedral metals.

dodecahedrane cage face are 5.8 ppm-ard ppm, respec-  This strategy should improve M@gH1p complex stabilities.

tively, and in this case, the local effect of the five adjacert-C The Be@GoH10 beryllocene sandwich complex shown in Figure

bonds overwhelms the deshielding-C o bonds. 12 is 75.3 kcal/mol (Table 9) more stable than its isolated
Overall the effect of encapsulation on the NMR spectra of components, considerably better than the Be@gp inclusion

dodecahedrane is minimal. THE He@GgH2 and Lit@CGogHoo energy. Similarly, the 35.9 kcal/mol magnesocene (Mg@i¢s;

chemical shifts are shifted relative to dodecahedrane by a mereFigure 12) inclusion energy is over 140 kcal/mol less endot-

3.2 and 1.1 ppm, respectively. TRE Li*@CyoHzo chemical hermic than Mg@ &sH2o.

shift is displaced by 0.7 ppm relative to dodecahedrane while  The experimental structure of beryllocenes{g).Be is a

the protons in He@#%H2o have the same chemical shift as the slipped sandwich, with al—#° coordinated Cs) conformatiorf’

free cage. It appears, therefore, that whitt NMR may be that results from unfavorable interactions between the adjacent

energy ZPE o1 End® Ox Qc ac® oM

useful for detecting metal cation complexes such aglC,oHxo, cyclopentadienyl (CPD) unif$.585°CPD ring slippage in our
13C NMR chemical shifts for gHzo and X@GoHyo are too Be@GgH10, however, does not occur because of the incarcerat-
close to differentiate. ing —CH— groups that make up the cage. Compared with the

Caged Beryllocene (Be@&Hi0) and Magnesocene structure of Mg@@oH10, the cage in Be@4gH10 is somewhat
(Mg@CyoH1g). TheEi,c values shown in Table 5 become more flattened with the metal capping cyclopentyl rings closer together
endothermic in the series Li@#&2o (50.6 kcal/mol), Na@&Hzo (C—Be = 1.899 A) and expanded equatoriat-C bonds (cf.
(116.8 kcal/mol), Be@&H20 (127.7 kcal/mol), and Mg@45gH2o (Mg)C—C = 1.635 A and (Be)&-C = 1.656 A). In Be@GoH10
(180.5 kcal/mol), following the increase in atomic radius along the magnesocene structure is more nearly spherical, with
a period and down a group of the periodic table. These inclusion magnesium interactions with both the polar (2.042 A) and
energies reflect the unfavorable formation of the endohedral equatorial (2.281 A) carbons. The endohedral Mg, but not the
metal complexes, which is also indicated in their thermoneutral endohedral Be, contacts all twenty cage carbon atoms and this
M—CyH2o (M = Li, Na, Be, and Mg) exohedral binding difference in structure is reflected in the natural charges on
energies shown in Table 6. Removal of 10 dodecahedraneberyllium (+1.40) and magnesium1.64), with the polar
hydrogens from opposite cage faces can result in strong carbons sharing the negative charge in both cases.
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with its corresponding cation or dication. For example, dodeca: (11) Schulman, J. M.: Disch, R. L. Am. Chem. Sod978 100, 5677.
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A). This is due to donation of electron density from the correctchemically (e.g., NBO analysis shows@CxoHzo should be written
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encapsulated metal atom into the-C bonding and €H (13) Dixon, D. A.; Deerfield, D.; Graham, G. hem. Phys. Letf.981,
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The ZPE corrected inclusion energies of @ CyHzo A 2%3%, i'(?;erl‘izlg\fazq“ez’ H. A Tamariz, J.; Cross, R Bhys. Chem.
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inclusion energy of Be@4gH2o (I1). M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A. J;

. L . Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
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_ i i i it Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
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Endohedral He (0.9 ppm, B3LYP/6-3tG(3df,2p) 1.3 ppm) Gaussian, Inc.: Pittsburgh, PA, 1998.
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