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Abstract: Reaction of HgCl with 2 equiv of MCk in an aromatic solvent yields Hg(arep@ICl,), where,
arene= CgHsMe, M = Al (1), Ga @); arene= C¢HsEt, M = Al (3) and Ga 4); 0-C¢HsMe,, M = Al (5), Ga
(6); CeH3z-1,2,3-Me, M = Al (7) and Ga 8). The solid-state structures of compourids5 and 7 have been
determined by X-ray crystallography. In the solid state, compodndsand7 exist as neutral complexes in
which two arenes are bound to the mercury, and theMd@ups are bound through bridging chlorides to the
mercury; compound exists as a cationanion pair [Hg6-CsHsMe,)o(AICI4)][AICI 4. However, in solution
compoundd —8 all exist as neutral complexes. The structures of Hg(ageh€)l 1), and [Hg(arenefAICI )]+
have been determined by DFT calculatidi3LYP level} to facilitate the assignment of tHéC CPMAS
NMR spectra and are in good agreement with the X-ray diffraction structures of compband$. Reaction

of HgCl, with MCl3 in benzenem-xylene, andp-xylene results in the formation of liquid clathrates whose
spectroscopic characterization is consistent with ionic structures, [Hg(gifd@))][MCl 4]. The calculated
energy difference between Hg{sMe),(AICl ), and [Hg(GHsMe)(AICI4)][AICI 4] is discussed with respect
to the structure of compourilin the solid state versus solution state and the proposed speciation in the liquid

clathrates.
Introduction \
. . &+ &+ & o 0
Group 13 halides are well-known as catalysts for the Friedel CHLCI C C
Crafts alkylation and acylation of aromatic hydrocarbons. The / — //
highly Lewis acidic group 13 halide activates the alkyl or acyl Cl 0] &)
halide, via either complexation or ionization (e.g., e by | | |
placing a positive charge on tlfesubstituent (Figure 1a). Al.,,, Al..,, Al ...,
e \ e N\ e N\
RCI+ AICI; = RCI---AICl ;= [R]TAICI 4 @ (a) (b) ©)
The increase of positive charge on fhsubstituent is a general 5+ 5+
effect of the coordination of aluminum Lewis acids to both &+ MX, ML,
organic (Figure 1b) and inorganic (Figure 1c) carbonyls, for R\ /H 7/ o
example, activation of ketones to alkylation and reduétamd 0
activation of transition metal carbonyl ligands toward the methyl AII | All
migration# We have recently observed that the coordination of Al Srens,
an alcohol to an aluminum Lewis acid results in an increase of - \ -~ \ ~ \
the K, of the alcohol G-H by at least 7 unit8.Although (d) (e) f)

*To whom correspondence should be addressed. Web site: http:// Figure 1. Schematic representation of the “activation” of organic and

www.rice.edu/barron. ; : ; . )
(1) (a) Department of Chemistry, Rice University. (b) Department of inorganic substrates by aluminum Lewis acids.

Chemistry, University of Houston. ) ) o )
(2) (a) Whitmore, F. CJ. Am. Chem. Sod 932 54, 3274. (b) Olah, G. seemingly unrelated, this activation may also be considered as

A.; Kuhn, S. J.; Flood, S. Hl. Am. Chem. S0d 962 84, 1688. (c) Olah, n examol f placin n incr itiv har n th
G. A.; Kobayashi, S.; Tashiro, Ml. Am. Chem. Sod 972 94, 7448. a eb a;'t P et ct)h P éllc hg Ii d c eaS'Sd poslg ehC a ge 0 t. €
(3) (@) Power, M. B.. Nash, J. R.; Healy, M. D.. Barron, A. R. B-substituent, the alcohol hydrogen (Figure 1d), hence increasing

Organometallics1992 11, 1830. (b) Power, M. B.; Bott, S. G.; Atwood, J.  its electrophilicity and making it more susceptible to reaction
L.; Barron, A. R.J. Am. Chem. S0d.99Q 112, 3446. (c) Power, M. B.; with nucleophiles such as aluminum alkyls.

Bott, S. G.; Clark, D. L.; Atwood, J. L.; Barron, A. FOrganometallics - : :
1090 9. 3086 and references therein. There has been an increased interest in the development of

(4) (a) Butts, S. B.; Holt, E. M.; Strauss, S. H.; Alcock, N. W.; Stimson, New Lewis acidic compounds as catalysts and cocatalysts,
R. E.; Shriver, D. FJ. Am. Chem. Sod979 101, 5864. (b) Butts, S. Beda;  especially with regard to olefin polymerization. Most of these
;S'tfr‘fsvcﬁég-? s%ﬂtésEd g"d?zségg%o”' R.E.; Alcock, N. W.; Shriver, D. F. efforts have focused on using electron-withdrawing substituents,

"(5) McMahon, C. N.; Bott, S. G.; Barron, A. R. Chem. Soc., Dalton 10w coordination numbers, or multiple centés an alternative

Trans.1997 3129. approach, applying the concept of increasing the Lewis acidity
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Table 1. Selected Bond Lengths (A) and Angles (deg) in Hg(argM1,),
Al Ga Al Ga Al Al
M CsHsMe CsHsMe CeHsEL CgHsEt 0-CgHsMes CeHs-1,2,3-Mg
arene ) 2 (©) 4 ©) (7
Hg—C 2.32(1) 2.349(9) 2.30(1) 2.33(1) 2.27(2), 2.40(2) 2.405(9), 2.44(1)
2.72(1) 2.71(1) 2.72(2) 2.75(2) 2.64(2), 2.74(2) 2.45(1), 2.46(1)
Hg—Cl 2.677(2) 2.652(2) 2.648(4) 2.634(4) 2.761(3),2.768(3)  2.661(2), 2.758(3)
M-Clpr 2.176(4) 2.239(2) 2.184(5) 2.230(4) 2.166(4), 2.156(5)  2.181(4), 2.178(4)
M-Clier 2.102(5)-2.118(3)  2.144(3)2.166(3)  2.080(6Y2.169(5)  2.128(4)2.155(4)  2.09(1)}2.169(5) 2.103(5)2.124(4)
Cl-Hg—Cl  81.1(1) 82.4(1) 84.5(6) 85.6(2) 75.2(1) 89.90(8)
C—Hg-C 135.1(5) 131.3(6) 129(1) 126(1) 125.5(6) 140.0(4)
Hg—CI-M  110.2(2) 110.6(1) 112.3(2) 111.4(2) 90.8(1), 91.2(1) 106.1(1), 107.9(1)

aBorovik, A. S.; Bott, S. G.; Barron, A. RAngew. Chem., Int. EQ200Q 39, 4117.

of metals through their “activation” by another Lewis acid and co-workers with a highly electronegative trifluoroacetate
(Figure 1e) has drawn our interest. In this regard we note that ligand6 Based on the possibility that group 13 halide Lewis
aluminum halides have been previously employed as activatorsacids could “activate” other weaker Lewis acids, we have

for transition metals through a similar complexation (see Figure investigated the effect of Algland GaCi on the stability of

1f).7

Although the Lewis acid behavior of mercuracarboranes has

been extensively studied by Hawthorne and co-workehs

Lewis acidic nature of group 12 halides, in particular those of
mercury, has been studied much less than that of the group 1

halides? However, the chemistry of mercury(ll) salts with

aromatic hydrocarbons is well developed regarding electrophilic
attack on aromatic compounds (aromatic mercuration), and Olah

et al. have shown that Hgarene complexes are involved as
intermediates® Kochi and co-workers have shown that the

Hg---arene complexes.

Results and Discussion

The reaction of HgGlwith 2 mol equiv of MCk (M = Al,

3G.sl) in a substituted aromatic solventkg-«Ry) yields a colored

solution (yellow to orange, depending on the arene), from which
crystalline material may be obtained in moderate to high yield
(eq 2) for GHsMe, M = Al (1), Ga @);17 CgHsEt, M = Al (3),
Ga @); 0-C¢HsMe;, M = Al (5), Ga 6); CeH3-1,2,3-Me, M =

activation of the arene is related to a charge-transfer transitionAI (7). Ga @).

in the 7-complex!112 Crabtree and co-workers have proposed

am-complex as a key intermediate in a variety of photochemical

C—C bond forming reaction® while the characterization of a
series of Hg(l)-arene complexes has been repottddercury-

HgCl, + MCI; — Hg(arene)MCl ), (2)

In contrast, reaction of Hgglwith 2 mol equiv of AICE in

(I —arene complexes are well-established as important inter- benzenem-xylene,p-xylene yields liquid clathrates, see below.
mediates, however, simple complexes have only been charac- Compoundsl—8 are stable when exposed t@,QO, and

terized spectroscopically.The only structural characterization
of a nonsolvate mercury(ll) complex was reported by Kochi

(6) See, for example: (a) Radzewich, C. E.; Guzei, I. A.; Jordan, R. F.
J. Am. Chem. So&999 121, 8673. (b) Korolev, A. V.; Guzei, |. A.; Jordan,
R. F.J. Am. Chem. S0d999 121, 11606. (c) Dagorne, S.; Guzei, |. A;;
Coles, M. P.; Jordan, R. B. Am. Chem. So€00Q 122, 274. (d) Munoz-
Hernandez, M.; Keizer, T. S.; Parkin, S.; Patrick, B.; Atwood, D. A.
Organometallics200Q 19, 4416. (e) Atwood, D. A.; Jegier, J. Chem.
Soc., Chem. Commut996 1507. (f) Nelson, S. G.; Kim, B.; Peelen, T.
J.J. Am. Chem. So@00Q 122, 9318. (g) Wuest, J. DAcc. Chem. Res
1999 32, 81, and references therein.

(7) (&) Le N.; Jean P.; Youinou, M. T.; Osborn, J. @tganometallics
1992 11, 2413. (b) Le N.; Jean P.; Osborn, J. @rganometallics1991
10, 1546.

(8) See, for example: (a) Hawthorne, M. F.; ZhengAZc. Chem. Res
1997 30, 267. (b) Hawthorne, M. F.; Yang, X.; Zheng,Rure Appl. Chem
1994 66, 245. (c) Lee, H.; Diaz, M.; Knobler, C. B.; Hawthorne, M. F.
Angew. Chem., Int. E®00Q 39, 776. (d) Lee, H.; Diaz, M.; Hawthorne,
M. F. Tetrahedron Lett1999 40, 7651. (e) Badr, I. H. A,; Diaz, M.;
Hawthorne, M. F.; Bachas, L. @nal. Chem1999 71, 1371 and references
therein.

(9) (@) The Chemistry of MercuryMcAuliffe, C. A., Ed.; Macmillan:
Toronto, 1977. (b) Dean, P. A. WProg. Inorg. Chem1978 24, 109. (c)
Tschinkl, M.; Schier, A.; Riede, J.; Gabba&. P.Organometallics1999
18, 2040. (d) Saito, S.; Zhang, J.; Koizumi, J. Org. Chem 1998 63,
6029. (e) Zhuang, R.; Mueller, A. H. Blacromolecules995 28, 8043.
(f) Persson, I.; Sandstroem, M.; Goggin, P.lhorg. Chim. Actal987,
129, 183. (g) Wuest, J. D.; Zacharie, Brganometallics1985 4, 410 and
references therein.

(10) See, for example: Olah, G. A,; Yu, S. H.; Parker, D.JGOrg.
Chem 1976 41, 1983 and references therein.

(11) Lau, W.; Kochi, J. KJ. Am. Chem. S0d 986 108 6720.

(12) Fukuzumi, S.; Kochi, J. KJ. Org. Chem 1981, 46, 4116.

(13) Fowley, L. A.; Less, J. C., Jr.; Crabtree, R. H.; Siegbahn, P. E. M.
J. Organomet. Chen1995 505, 57.

(14) Frank, W.; Dincher, B.Z. Naturforsch 1987, 42h, 828.

(15) (a) Damude, L. C.; Dean, P. A. W. Organomet. Chenl979
181, 1. (b) Damude, L. C.; Dean, P. A. W.; Sefcik, M. D.; Schaefed.J.
Organomet. Cheml982 226, 105.

CO;, but decompose upon irradiation by ambient light, exposure
to moisture, or being subjected to chlorinated or coordinating
solvents (e.g., CHG] THF, ELO and MeCN). The solubility

of each compound in its respective solvent (i.e., compalind
in toluene) suggests a simple Lewis aelthse complex of the
metal halides rather than a cation/anion pair, vide infra. This is
supported by solution conductivity measurements that indicate
neutral compounds in solution for compourids8. Although
elemental analysis is consistent with the given formulas and
the El mass spectrum confirms the presence of the arene (see
Experimental Section), the solutidhl and3C NMR do not
allow for structural determination due to the H/D exchange with
other aromatic solvents, for examples0%.17-18 However, the
solid-state structures of compounds-5 and 7 have been
determined by X-ray crystallography.

X-ray Crystallography. The molecular structures of com-
poundsl, 3, 5, and7 are shown in Figures-25, respectively.
Compounds2'” and 4 are isomorphous with their aluminum
analogued? Selected bond lengths and angles for compounds
1-5and7 are given in Table 1. The solid-state structures of
Hg(arene)(MCl,), appear to fall into two general categories:

(16) W. Lau, J. C. Huffman, and J. K. Kochll, Am. Chem. Sod982
104, 5515.

(17) We have previously reported the isolation and structural character-
ization of [Hg(GHsMe),(GaCl)]: Borovik, A. S.; Bott, S. G.; Barron, A.

R. Angew. Chem., Int. EQ200Q 39, 4117.

(18) Borovik, A. S.; Bott, S. G.; Barron, A. R. ACS National Meeting,
American Chemical Society: Washington, DC, August, 2000.

(19) Although the molecular structures of compoubdmd8 have not
been determined by X-ray crystallography due to twinning issues, the
observation of a “double cell” as compared to their aluminum analogues
(along with their spectroscopic characterization) suggests that compounds
6 and8 are isostructural to compoundésand 7, respectively.
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Figure 5. Molecular structure of Hg(gHs-1,2,3-Me)2(AICI )2 (7).
Thermal ellipsoids shown at the 30% level, and hydrogen atoms are
omitted for clarity.

Figure 2. Molecular structure of Hg(gsMe)z(AICl 4)2 (1). Thermal
ellipsoids shown at the 30% level, and hydrogen atoms are omitted for
clarity.

2, 3, and 5). In contrast, thexylenes in compoun are in a
meso orientation (see Figure 4).
As may be seen from Table 1, each arene in compolinés
is bound in a highly asymmetrig?2 manner with the HgC
bond para to the arene’s methyl substituent being shorter
(0.34-0.42 A) than the bond in the meta position. The calcu-
lated structures for the neutral complexes, HgH{£)2(AICl )2
and Hg(GHsMe),(AICl,),, and the presence of a singléC
CPMAS NMR resonance, per arene ring, assignable te €lg
for compounds1—6 are consistent withy! rather thanz?
coordination of the arene (see below). The coordination of the
two CgHs-1,2,3-Me ligands in compound appears to be closer
to #? coordination, see Table 1. This is confirmed B
CPMAS NMR spectroscopy, see below. It is noteworthy that
the crystal structure of compourtlis the only one of those
Figure 3. Molecular structure of Hg(gHsEt)(AICI4)2 (3). Thermal dlscusseq herein with areharenen_StaCkmg; the intermo-
ellipsoids shown at the 20% level, and hydrogen atoms are omitted for lecular d|§tance of 3.31 A is less than the sum of the van der
clarity. Waal radii of the arene rings (3.7 AjJ.
It should be noted that the HgC distances in compounds
” 1-5 are on either side of the values reported by Kochi and
co-workers for [Hg(u-O,CCRs)a(7?>-CsMeg)7] (2.56 and 2.58
A)12 and are significantly shorter than those observed for the
intramolecular He-arene interactions (ca. 3.2 A).Further-
more, the Hg-C distances in compounds-5 are shorter than
those observed for the Hgtarene complex, [H4CsMe)]-
[AICI 4]2,%4 [2.43(3) and 2.41(3) A] in which the arene is a
strongers-donor. It is also worth noting that a typical H§
o-bond is 2.12.2 A22 in length which is only slightly shorter
than the shortest HgC interactions in the compounds discussed
herein, see Table 1. Although the Kochi complex was the first
crystallographically characterized merctigrenesr-complex,
several examples had been spectroscopically charactéfized,
and Tsunoda and Gabbaave recently reported the structural
characterization of a benzene “solvate” supramolecule that
contains a®-n%nZn%n*n%n? benzene sandwiched between six

. . [Hg3(C6F4)3] units 2®
Figure 4. Molecular structure of the [Hg@EsMez)(AICI 4)] cation
(5). Thermal ellipsoids shown at the 30% level, and hydrogen atoms _ (20) Handbook of Chemistry and Physi&th ed.; CRC Press: Boca
are omitted for clarity. Raton, Florida, 1980; p D-194. :
(21) (a) Lampe, P. A.; Moore, Rnorg. Chim. Actal979 36, 27. (b)
L Cathy, A. J.; Chaichit, N.; Gatehouse, B. Ricta Crystallogr., Sect. B98Q
neutral (GHsMe, GHsEt, and GH3-1,2,3-Me) and ionic ©- 36, 786.
CeHsMey). Irrespective of the overall charge of the mercury (22) Kamenar, B.; Penavic, Mnorg. Chim. Actal972 6, 191.

; (23) Eliezer, I.; Avinur, PJ. Chem. Physl971 55, 2300.
complex, the FWO arene Ilgands aﬂe.bound to the. mercury (24) Vezzosi, |. M.; Peyronel, G.; Zanoli, A. Fhorg. Chim. Actal974
center (see Figures—5). The substituted arene ligands are g 759

oriented in aac manner in compoundk—4 and7 (cf., Figures (25) Tsunoda, M.; GabBaF. P.J. Am. Chem. So200Q 122, 8335.

Ci
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Scheme 1.Schematic Representation of the Potential
Interconversion from Neutral [Hg(aren@ICl,),] (cf, 1 and
3) to Cationic [Hg(arenejAICl )] (cf., 5) via an
Asymmetrical Complex (cf7)

Cl Cl
cL,\ ,>c1
‘Al—Cl Cl—Al
N/
Cl Hg Cl
Y
Ar Ar
1,2,3,4) \
aqy
‘.Al—Cl Cl
o / e
. . . . . . . Cl—Al
Figure 6. View of the close cation/anion interaction in [Hg{&- He—" \Cl

Me2)o(AICIH)][AICI 4]. Thermal ellipsoids shown at the 30% level, and

i ; ClL Ci 5\
hydrogen atoms are omitted for clarity. </ / AF Ar
Al Q)

The X-ray structure of compourisishows it to be a cation/ Cl/ \CI
anion pair in the solid state, that is, [Hg@Me,)2(AICI,)]- N\ 7 Ly
[AICI 4], in which the coordinated AlGImoiety is boundi? to Hﬁ """"""" Cl-—Al"/
the mercury (Figure 4), rather thahas observed in compounds AT Ar \Cl
1-4 and7. Despite the presence of a single chelating [AICI
anion, the geometry and bond distances about mercury in ®)

compoundb are similar to those in [Hg(§sR)2(MCl,)2] (see

Table 1). A weak interaction (along the crystallograpdeiaxis) Table 2. Experimental and Calculated (DF¥YC NMR Spectra

between the cation and anion in adjacent chains: (@4 = calcd shift  exptl shift
3.29 A) is close to the sum of the van der Waal radii, and the compound atofn ¢ (ppm) ¢ (ppm)
geometry about the mercury is distorted due to this weak Hg(CsHsMe)x(AICl4)2 C(1) 155.7 159.4
interaction, see Figure 6. (€] C(2) 1325 136.6
A consideration of the orientation of the M@lInit (Figures g% 132'(15 138%
2, 3, and 5) shows that the longer terminat-al is oriented c(s5) 138.0 143.1
toward the mercury. The resulting HeCl distances (3.56 c(6) 132.4 136.6
3.83 A) are outside what would ordinarily be considered a C(11) 255 24.0
bonding interaction; however, the effect on the-Ell distance [Hg(CeHaMez)2(AICI)TF  C(11) 156.8 158.4
and the orientation of the Mglunit suggest that there is an ®) gg%g gg'; gg'g
electrostatic interaction between the chloride and the mercury. c(14) 102.4 1055
While this long-range interaction is symmetrical in compounds c(15) 130.3 135.6
1—4 due to theirC, axis symmetry, a distinct asymmetry is C(16) 134.1 139.0
observed for compound [Hg(1)-*+Cl(11) = 3.57 A, Hg(1)-* C(111) 24.7 224
Cl(23) = 3.68 A]. Upon a comparison of the HgCI—Al C(112) 23.5 22.4

interactions in compounds 7, and5 we can propose that these aSee Figures 2 and 4 for atom numbering scheme.
structures are part of a continuum between neutral (covalent)
and ionic structures (Scheme 1). This observation offers the for compoundd and5. It is interesting to note that the number
questionis the intercomersion of neutral and ionic structures  of aromatic/aliphatic resonances correlates well with the crystal-
facile? lographic symmetry. For example, the toluene molecules in

NMR and UV —Visible Spectroscopy.As noted above we  compoundLl are related by crystallograph@; symmetry, and
are unable to obtain solutiofH and 3C NMR spectra for the13C CPMAS NMR spectrum shows a single €t¢sonance
compoundsl—8 due to a facile H/D exchange. Dissolution of and four CH resonances (one of which is due to two overlapping
compounds1—8 in CgDs results in H/D exchange and the resonances). In contrast, th"&¢ CPMAS NMR spectrum for
formation of GDsH and the appropriate substituted arene, that compound7 shows two sets of resonances for magnetically
is, CsDe—xMex.28 Unfortunately, Hg(areng(MCl,), compounds distinct GHs-1,2,3-Me ligands (see Figure 7a) consistent with
are insoluble in fluorinated solvents (i.e., Freon), and adverse the two crystallographically independent ligands per mercury
reactions occur in CSor chlorinated solvents. center (see Figure 5). A dipolar dephasing experiment was

Solid-state*C CPMAS NMR spectra have been obtained for performed (total dephasing delay 50 ms) to identify the
compoundsl—8, see Experimental Section. Peak assignments methyl-substituted aromatic carbon signals. In the case of
were obtained by a combination of dipolar dephasing experi- compound 7, six of the original aromatic resonances are
ment$” and comparison with calculated (DFT) chemical shifts suppressed as a result of the dipolar dephasing experiment (see
(see Experimental Section). Table 2 gives a comparative Figure 7b).
example of the calculated and experimerifid NMR shifts A common observation for thé3C CPMAS spectra of

- — - - compoundd—6 is that all but one of the aromatic-€H signals

(26) This exchange reaction is explored in detail elsewhere. . - . -

(27) Alemany, L. B.; Grant, D. M.; Alger, T. D.; Pugmire, R.J.Am. are unusually deshielded and the other is exceptionally shielded
Chem. S0¢.1983 105, 6697. (6 100-106 ppm). A similar shielding effect was observed for
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(a)

& (ppm)

Figure 7. 3C CPMAS NMR spectra of Hg(§s-1,2,3-Me),(AICl 1),

(7) showing the presence of magnetically inequivalent arene ligands lig

(a). The identity of the methyl-substituted aromatic carbon signals is
enabled by a dipolar dephasing experiment (b) in which the aromatic
CH resonances are suppressed.

2.87 e
-,
,
271 g’i
o e
- -,
5 2.61 e
= . 7’
fg | e
2z .7
= 4 7’
2.5
= -,
£ ] it
O 244 { ///i
do i e
= L h
2 3-/%
2.2 T T T T T 1
100 110 120 130 140 150
& (ppm)

Figure 8. Plot of the crystallographic HgC bond distance (with esd’s)
versus thé*C CPMAS NMR chemical shift for the aromatic carbons
with the closest Hg-C contacts in Hg(arengMCl ).

the GHMes and 1,2,4,5-¢H,Me, complexes of Hg(Shi,.150
Unfortunately, no detectabl!**Hg—13C) multiplets are evident
that might help identify the signals of the carbons coordinated
to the mercury. However, based on DFT calculations (Table
2), the most shielded aromatic—E1 signal in each spectrum

J. Am. Chem. Soc., Vol. 123, No. 45, 200223

Table 3. UV—Visible Spectra of Hg(arengMCl,);?

M arene A (nm) € (mol~icm™) notes
Al CeHe 285 2000 b
Al CeHsMe 325 4500
Al CgHsEt 288 1300 c

297 1300
Al 0-CeH4M€2 337 4300
Al m-CgHsMe; 331 6500 b
Al p-CsHiMe, 310 7000 b
Al CeHs—1,2,3-Me 301 2500 c
315 2000

Ga GHe 279 5000 b
Ga GHsMe 305 7000
Ga GHsEt 289 5300 c

298 5600

Ga 0-CgHsMe, 334 6500
Ga p-CeHsMe, 332 4000 b
Ga GHs—1,2,3-Mg 301 2400 c

320 2300

a[Hg(O,CCR)4(CeHs-n)Men)2], A = 288—315 nm. Upper layer of
uid clathrate, see text.Two well resolved peaks.

compound$ and7 may be predicted to be isostructural. Third,
13C CPMAS NMR may be used as a structural probe for these
complexes.

We have been unable to obtain satisfact&§4g solution
NMR for any of the compounds and we were able to obtain a
solid-state"¥Hg MAS NMR (35.84 MHz) spectra only for Hg-
(CeHsMe)x(GaCly), (2).17 However, it is interesting that the
observed chemical shifté(—1970) is downfield from that
reported for HgGl (6 —1497 ppm3®8 and closer to that of Hg
aqueous saltsd(—2253 to—2361 ppmj°® than simple Lewis
base complexes, for example, [Hg{®(Bu)s},] (6 —404
ppm)3° Thus, 1*Hg NMR spectroscopy is consistent with a
highly electropositive mercury centé.

The solid-state’Al MAS NMR spectrum of compound
shows a single resonance with two maxifAmhile the solution
27A1 NMR spectrum shows a single complex resonance at 105
ppm. Similar complex spectra are observed for compounds
and7, see Experimental Section. The chemical shifts offfhe
Al NMR resonances are similar to those previously reported
for the [AICIl4]~ anion3°

The UV—visible spectra of compounds-8 (as well as those
of the upper layer of the liquid clathrates described below) are
given in Table 3. It is interesting to note that the bvisible
spectrum of compoun8 follows the trend for compounds,

can be assigned to the carbon bound to mercury. The presencé: and7, suggesting that in solution, compoubcexists as a

of a single Hg-C resonance for compounds-6 is consistent
with 7! rather thamy? coordination of the arene. In contrast,
the 13C CPMAS spectra of compounds and 8 show four
resonances associated with-HE interactions (e.g., see Figure
7a). These resonances are in the range-125 ppm, signifi-
cantly removed from the range observed for compoun¢8.
This difference may be rationalized by a consideration of the
relative Hg--C distances in the X-ray structure of compouhd
in comparison to those in compounitis5. Figure 8 shows a
plot of Hg:--C distance versus tHéC CPMAS chemical shifts
for the two closest arene carbon atoms in compounesand

7. Clearly, a correlation between HegC distance versus the

neutral complex iro-xylene solution. Compounds 4, 7, and

8 all show two well-resolved peaks with similar molar absorp-
tivities; however, it is unclear whether this is due to the lowering
of symmetry or the presence of two isomers in solution. A
comparison of the UVvisible spectra for the gallium com-
pounds with their aluminum analogues shows that the absorp-
tions are generally similar. On the basis of DFT calculations
the UV—visible absorption is found to be due to an arene

Hgs charge transfer, see below.

(28) Sens, M. A.; Wilson, N. K.; Ellis, P. D.; Odom, J. D. Magn.
Reson 1974 15, 191.
(29) (a) Maciel, G. E.; Borzo, MJ. Magn. Reson1973 10, 388. (b)

13C chemical shift exists. Three observations may be made from Krger, H.; Lutz, O.; Nolle, A.; Schwenk, AZ. Physik 1975 A273 325.

the data in Figure 8. First, compounds5 are indeed best
considered to haveg?! coordination of the arene in the solid
state, whereas coordination in compouhid best described as
n2 Second, given the similarity of th#8C CPMAS NMR
chemical shift for compoundsand6, as well as compounds
and 8, the solid-state structures of the gallium analogues of

(30) Kidd, R. G.; Goodfellow, R. J. INMR and the Periodic Tabje
Harris, R. K., Mann, B. E., Eds.; Academic Press: New York, 1978; Chapter
8, p 195.

(31) Petrosyan, V. S.; Reutov, O. A. Organomet. Chenl974 76,
123.

(32) (a) Alemany, L. BAppl. Magn. Resan1993 4, 179. (b) Smith,

M. E.; van Eck, E. R. HProg. Nucl. Magn. Reson. Spectrod®99 34,
159.
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Table 4. Calculated Bond Lengths (A) and Angles (deg) in Hg(argivgl,), and [Hg(arenefAICI)]*

Hg(arene)}MCly) [Hg(arene)(AICI )]
calcd calcd

CGHG CGH5Me exptl CeHe C5H5Me 0-CsH4Mez e;ptl
Hg—C 2.402 2.382 2.32(1) 2.371 2.349 2.496, 2.561 2.27(2), 2.40(2)
Hg---C 2.900 2.863 2.72(1) 2.782 2.812 2.351 2.64(2), 2.74(2)
Hg—Cl 2.463 2.471 2.677(2) 2.466 2.554 2.741 2.761(3), 2.768(3)
Al—Cly, 2.393 2.383 2.176(4) 2.364 2.353 2.349, 2.365 2.166(4), 2.156(5)
Al —Clier 2.200-2.245 2.204-2.243 2.102(5y2.118(3) 2.181 2.184 2.186 2.09(12.169(5)
Cl—Hg—Cl 95.94 102.20 81.1(1) 85.24 84.61 83.58 75.2(1)
C—Hg—C  109.37 112.51 135.1(5) 110.06  111.75  108.99 125.5(6)
Hg—CI-M 119.43 117.85 110.2(2) 92.49 91.32 91.93,93.21 90.8(1), 91.2(1)

(b)

Figure 9. Calculated structures for (a) Hgd@sMe),(AICl )2, (b) [Hg(CsHsMe)(AICI4)]t and (c) Hg(GHe)Clo.

The absorptions for Hg(arenéAICl,), are all at higher delocalized component across the Al@hits. It is clear from
energies compared to their gallium analogues, suggesting athe DFT calculations that the Hgarene interaction involves
stronger Hegr-arene interaction in the former, in line with  two & orbitals on each areng @ndll). Such a combination
expected differences in Lewis acidity between Ga@id AlCk. agrees with the asymmetric bonding of the arene to mercury,
Finally, it should be noted, that while the absorption for {tig see above.
0,CCR)4(arene)] is transient?13 the absorptions for Hg-
(arene)(MCly), are sustained indefinitely.

DFT Calculations. To better understand the relationship
between the neutral and ionic structures as well as to assign
the 13C NMR spectra, DFT calculations were performed at the

B3LYP level using the 6-31G** basis set for C and H and ey 00))

Stuttgart RLC ECP basis set for Hg, Cl and Al. Calculations

were performed on Hg(Ele)2(AICl 4)2, Hg(CsHsMe)a(AICH ), On the basis of the calculated energy [339nkdl~t (CgHe)
[Hg(CsHe)2(AICI )]+, [Hg(CsHsMe)(AICI )], and [Hge- and 330 kdmol™! (CgHsMe)] for the dissociation of one

CsHaMey)2(AICI,)]*. The optimized calculated structural pa- [AICI4]~ group from Hg(arengfAlCl4), (eq 3), the catior
rameters for each model compound are given in Table 4 alonganion interaction is clearly very strong.

with the appropriate crystallographic data. Exemplary calculated N _
structures for Hg(gHsMe)x(AICI 4), and [Hg(GHsMe)(AICI 4)] Hg(arene)(AICI ), — [Hg(arene)(AICI )]~ + [AICI ]
are shown in Figure 9a and b, respectively. (3)

The calculated structures of Hg(ares{8JCls), correspond ¢ i interesting that the dissociation of Alrom Hg(CeHe)-
to a true energy minimum, having all positive vibrational (AICl), (eq 4) is more favored (112 kdolY) than the
frequencies. In contrast, in the case of [bigisHsMe),(AICI 5)] dissociation of [AICk]~ (eq 3).
one imaginary frequency was calculated for the minimized
structure indicating a first-order saddle point. The 3D potential ~ Hg(CgHg),(AICI ;), — HgCI(CsHg),(AICI ) + AICI;  (4)
energy surface of [HgtCsHaMey)2(AICI4)] T is very shallow,
for example, the energy difference betwe@nand C; sym- We have no evidence for the dissociation of AIQGr GaCk)
metries is only 0.71 kdnol™1. in solution, suggesting that the formation in the solid state of
As may be seen from Table 4, the overall structures for both the ionic structure (i.e., the-xylene derivatives) is due to a
neutral and cationic structures are reasonably reproduced at thdarge lattice stabilization energy. Furthermore, the formation of
present level of theory. However, the HG distances are calcu- ionic species in solution (see below) must be moderated by
lated to be slightly longer than those observed in the crystal strong ion solvation.
structures, while the HgCl distances are underestimated. De-  As noted above, the UVvisible spectra of compounds-8
spite these differences, the calculatéd NMR shifts are very consist of an absorption for Hg(arep@jCl,), and are all
close to those observed in the solid-stt& CPMAS NMR, between 279 and 337 nm, resulting in a characteristic yellow
see Table 2. to orange color. Single-excitation configuration interaction (CIS)
The Hg--arene interaction is best described as being strongly calculations were performed on the neutral complexes Hg-
ionic in character with small contributions from the s and p (CgHg)2(AICl )2, Hg(CsHsMe)o(AICl )2, and [Hgo-CeHiMey),-
orbitals on mercury. In addition, there appears to be no d (AICI4)]". Three singlet excited states were calculated for each
character in the bonding. As may be seen from Figure 10, the of the complexes. Although the calculated excitation energies
bonding orbital surfaces for HggBsMe).(AICI ), have a strong are about 6-17% higher than the experimentally determined
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Figure 11. Calculated LUMO (a) and HOMO (b) surfaces of HglsMe),(AICl 4),.

values33their trend is undoubtedly correct. All of the calculated
excited states have similar excitation energies, and each occurs
between the HOMO (or a filled molecular orbital close in
energy) and the LUMO. As may be seen from Figure 11b, the
HOMO surface for Hg(6HsMe)(AICl,), is essentially a
combination of aromatie orbitals. The other two energetically
similar filled orbitals are also aromaticin character. The major
contribution of the LUMO (Figure 11a) comes from the Hg 6s
orbital. Thus, the observed UWisible spectra are due to an
areng — Hgs charge transfer.

Liquid Clathrates. As noted above, the reaction of HgCI
with MCl3 in benzenem-C¢HsMe,, p-CsHiMe; yields liquid
clathrates, for example, Figure 12. Clathrate formation is con-
centration-dependent. Thus, if HgGInd AICk are reacted in
benzene at a concentration below 0.01 M (Hg) a homogeneous
solution is formed; above this threshold value, the clathrate gigyre 12. Liquid chlathrate formed from the reaction of Hg@lith
forms. The threshold fom-CsHsMe, and p-CeHsMe; is 0.16 AICl3in p-xylene showing the presence of two colored layers associated
and 0.05 M, respectively. with neutral (upper) and ionic (lower) complexes.

(33) The overstimation of excitation energies has been previously reported  The upper layer of the clathrate in each case is pale yellow

for a number of simple molecules, see: (a) Foresman, J. B.; Frisch, A. E. ; ; ; i
Exploring Chemistry with Electronic Structue Methp@ad ed.; Gaussian: In color, while the lower layers are bright orange, see Figure

Pittsburgh, PA, 1996: Chapter 9. (b) Muguruma, C.; Koga, N.; Hatanaka, 12. The layers can be S?parated by decanting the upper layer.
Y.; EI-Sayed, I.; Mikami, M.; Tanaka, Ml. Phys. Chem200Q 104, 4928. The homogeneous solutions formed below the threshold con-
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centrations are spectroscopically identical to the upper layer of characterized spectroscopicalynfortunately, the Hg-arene

the clathrate. Conductivity measurements on the individual interaction in HgGl(arene) is not sufficiently robust to allow
layers indicate that the species in the upper layer are neutral,for crystallization and X-ray structural characterization. A
while those in the lower layer are 1:1 electrolytes. The arene: measure of the effectiveness of M@h increasing the Lewis
Hg ratio of the clathrates was determined to be ca. 8.5 §plsC  acidity of the mercury, and thus enhancing the coordination of
andm-CgHsMe,, and ca. 7.5 fop-CgHsMe,. The formation of arenes, may be obtained from (a) YVisible spectroscopy and

the clathrates is summarized by the equilibrium in eq 5. (b) DFT calculations.
The UV spectrum of HgGldissolved in toluene has been
Hg(arene)AICl ), + narene= reported to consist of an absorption at 274 ¥rithe spectral

. bands observed for compounti$325 nm) and (305 nm) are
[Hg(arene)(AICI,)JIAICI ] -n(arene) (5) at a lower energy than that of the Hg€bmplex, indicative of

) a greater decrease in the-st* energy in the arene ring for the
The concentrations of the upper layer of the benzene and yixed metal complexes.

p-xylene clathrates are insufficient to allow for NMR charac-  ppT calculations were performed on Hgf&).Cl. at the
terization. In contrast, therxylene clathrate exhibits Al B3LYP level using the 6-31G** basis set for C and H and
NMR spectrum identical to that observed for the isolable neutral gy ttgart RLC ECP basis set for Hg and CI; the calculated
compounds. The concentrations of the upper layer for all the g cture is shown in Figure 9c. The H@! distances in Hg-
clathrates (and the homogeneous solutions) are suitable for UV(CeHe)zC|z (2.311 A) are significantly shorter than in the
visible spectroscopy and are shown in Table 2. In each case,cg|culated structure of HgeBl)2(AICI)> (2.463 A) and ap-
the spectra are similar to those of the isolated compounds, Hg-proach the values observed in Hg®y X-ray crystallography
(arene)(MCly).. [2.283(9) A]35 This is expected in comparing a terminal versus
_The ?/Al NMR spectra of the lower clathrate layers show pyigging chioride ligand. Also, the EHg—Cl angle calculated
single broad resonances consistent Wlth AICIThe3C NMR for Hg(CsHe)-Cl- (152.3) is closer to linear (as in Hgglthan
spectra of the clathrates shows a single set of resonances fog,e equivalent angles in Hg(arep@ICl,), [experimental=
the arene, suggesting that there is a dynamic equilibria between75_2(1)_89_90(8)z’ calculated= 95.94-102.20]. More impor-
coordinated and “free” arene. Thd NMR the CHs resonances  antly, the closest Hg-C interactions in Hg(€He).Cl, (2.813
(for m- andp-xylene) appear as a single sharp signal, but the &) are significantly larger than those calculated for Hgg).-
aromatic CH signals are very broad, suggesting a second sIoweQA|C|4)2 (2.402 R). Thus, the presence of AlQlecreases the
exchange process. This may be accounted for by a degenerat@qg...c distance by ca. 0.4 A; a significant activation. Further-
H/H exchange of the_ aromatic CH groups, related to the H/D more it is worth noting that the HgC interaction in Hg(GHe)2-
exchange observed in deuterated solvents. Cl, is comparable to the second closest distance in ke

The term “liquid clathrates” is generally used to designate (AICl4),, which, based upoRC spectroscopy, is very weak.
nonstoichiometric liquid inclusion compounds which form upon

the interaction of aromatic molecules with certain ionic moi- Conclusions
eties3* It is generally believed that liquid clathrates are formed
when the parent compound possesses the following conditions:
the substance must have a relatively low lattice energy; the
substance must be capable of exhibiting a very strong cation

anion interaction; association into tight ion pairs or other units
. Ivent3® For GsHsMe, GsHsEt, 0-CeHsMey, and GHs-1,2,3-
must be prevented. The lattice energy for Hg(argiwgl SO SMIE, M1 ISER BP6T AR oTIsT e
b 9y g(areeg ), Me;z a neutral complex Hg(aren¢MCl,), is formed in solution

should be low, given the lack of any unusual intermolecular i . . . .
distances in the solid state, and thus meets the first requirement.and. retained in the solid state except viiTsH Me, for which
Based upon the calculated energy (ca. 330nkl-Y) for the an ionic structure is observed. In contrast, reaction .of .IngI
dissociation of one AIGI group from Hg(areneJAICl ), (eq with MCls in benzenem-CeHaMey, p-CeHaMe; yields liquid

3), the cation-anion interaction is clearly strong. From con- clathrates. We propose that the upper layer of each clathrate

ductivity measurements which confirm a 1:1 electrolyte, we may contains a (_Jlilute solution of the neut_ral com_pound, Hg(akene)
presume that the aromatic molecules strongly solvate the ions(MC|4)2’ while the lower layer is consistent with a 1.1 electrolyte

P . - tem, that is, [Hg(aren€MCI,)][MCI 4]. On the basis of the
precluding ion pair formation. SYS : .
We note that the clathrates reported herein are distinct from high calculated energy for dissociation of [A{T1 from the

the more usual class of clathrates. In a traditional clathrate theneutral cccj)m.plex we tlpr?Ipose dtha'f[ Ejhg fg}rmfanon t.Of 'c}nt'ﬁ
upper layer is essentially solvent, while the lower “clathrate” compounds Is energetically moderated by the formation of the

layer contains the ionic salts and solvent. In our clathrates, theclathrqtes. It is unclear at this time what factors control the
upper layer contains a neutral component “Hg(argMg1.),", formation of a neutral complex versus a clathrate, and why only

while the lower contains the ionic component “[Hg(arene) the 0-CgHsMe; derivative exists as a cation/anion pair in the

(ML NG The presence o mercry rene complexes n 301 S e are contnuing our e on hese mercury
both layers is clearly seen in the photograph shown in Figure catalysts P NP ' PP 9
12. ) . L

The Hg--arene interaction in Hg(aren@yICl,), and Hg-
(arene)(MCl4)][MCI 4] is significantly stronger than for either
of the constituent halides, that is, HgGQir MCls. Thus, the

(34) (a) Atwood, J. L.; Atwood, J. D. Ifnorganic Compounds with group 13 halides appear to activate the mercury toward the
Unusual PropertiesKing, R. B., Ed.; Advances in Chemistry, Vol. 150;
American Chemical Society, Washington, DC, 1976; Chapter 11. (b) (35) Subramanian, V.; Seff, KActa Crystallogr.1980 B36, 2132.
Atwood, J. L. InRecent Deelopments in Separation Sciende, N. N., (36) We note that stable silver arene complexes have been prepared by
Ed.; CRC Press: Cleveland, 1977; Vol. 3, pp £299. (c) Atwood, J. L. the Lewis acid abstraction of fluoride from AgF, see: Hatop, H.; Roesky,
In Inclusion CompoundsAtwood, J. L., Davies, J. E. D., MacNicol, D. H. W.; Labahn, T.; Roepken, C.; Sheldrick, G. M.; Bhattacharjee, M.
D., Eds.; Academic Press: London, 1984; Vol. 1, pp-3485. Organometallics1998 17, 4326.

We have demonstrated that group 13 Lewis acids may be
used to “activate” other Lewis acidic complexes. In this regard,
stable Hg--arene complexes have been prepared by the reaction
of HgCl with 2 mol equiv of MC (M = Al, Ga) in an aromatic

Activation of HgCl, toward Arene Binding by MCl 5. As
noted in the Introduction, Hgrarene complexes have been
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coordination of the arenes. Based upon X-ray crystallography,
13C CPMAS NMR spectroscopy, and DFT calculations the
Hg---arene interaction is found to range from predominantly
nt coordination to close t@? coordination. At this time we
are unclear as to the factors that control the mode of coordina-
tion.

monoclinic

5924

3809
2839|Eo| > 4.001F,|)

0.0604, 0

(AICI4)2 (7)
1.19

GeH24AIClgHg
778.52

Experimental Section

Hg(GHs—1,2,3-Me),

P2i/c

14.049(3)

13.497(3)

15.469(3)
103.37(3)

2853(1)

4

1.812
0.0444
0.1167

NMR spectra were obtained on Bruker AM-250 and Avance 200,
400, and 500 spectrometers. Chemical shifts are reported relative to
internal solvent resonancésC and'**Hg MAS spectra were obtained
at 50.32 and 35.84 MHz respectively, using Bruker Avance 200
spectrometerA 7 mmzirconium dioxide rotor was used for all spectra,
with the spin rates up to 7 kH#?*Hg spectra were recorded with direct
polarization (4us 28 rf pulses). Centerband signals were located by
varying the spinning rate. A 20.53 ms FID was acquired with high
level proton decoupling and a 50 s relaxation delay without decoupling.
A total of 1024 scans were required to get acceptable spectra. The FID
was processed with 70 Hz of line broadening. Chemical shift was
referenced using 0.5 M solution of HgGh 75% EtOH with 25% of
D20 (dng = —1497 ppm)’ Mass spectra were obtained on a Finnigan
MAT 95 mass spectrometer operating with an electron beam energy
of 70 eV for El mass spectra. UWisible spectral data were recorded
on a Varian Cary 4 spectrometer and are given in Table 3. Microanaly-
ses were performed by Oneida Research Services, Inc., Whitesboro,
NY. Unfortunately, the extreme air sensitivity of several compounds
resulted in highly variable analysis results. The synthesis of k{C
Me)(GaCl), (2) was reported previously. Solvents and all arenes
were distilled and degassed prior to use.

Hg(CeHsMe)2(AICI 4)2 (1). Toluene (25 mL) was added to the solid
mixture of anhydrous Hg&1.00 g, 3.68 mmol), and AlGI(0.984 g,

7.37 mmol). The resulting yellow solution was heated at approximately
100 °C while being vigorously stirred to allow all Hg€to dissolve.

In about 15 min, heating was stopped, and the reaction flask was
wrapped in aluminum foil to prevent the decomposition reaction caused
by bright light. Yellow crystals grew withi 1 h atroom temperature.
Yield: 90%. Mp 95°C. 13C CPMAS NMR (50.32 MHz): 6 159.4

(1C, CMe), 143.1 (1Cm-CH), 140.1 (1ICm-CH), 136.6 (2Cp-CH),
100.7 (1C, Hgr-CH), 24.0 (1C, CH). 27AI NMR (52.15 MHz, toluene
with CsDg as an external reference): 105 Wi, = 780 Hz).2’Al MAS

NMR (52.15 MHz): 6 118 and 86 \(1» = 3370 Hz)%®?

HQ(CeHsEL)2(AICI 1), (3). Prepared in a manner similar to that for
compoundL, but using ethylbenzene (25 mL), anhydrous HgQI00
g, 3.68 mmol), and AIGI(0.984 g, 7.37 mmol) to yield yellow crystals.
Yield: 80%. Mp 74°C. 3C CPMAS NMR (50.32 MHz): 6 163.2
(1C, CCHy), 140.2 (1Cm-CH), 137.1 (1Cm-CH), 135.9 ¢-CH), 103.7,

(1C, Hg--CH), 30.8 (1C, CH)), 15.4 (1C, CH).

Hg(CeHsEL) 2(GaCly), (4). Prepared in a manner similar to that for
compoundl, but using ethylbenzene (25 mL), anhydrous HgQlg,

3.68 mmol), and Gagl(1.298 g, 7.37 mmol). Yellow crystals were
grown within 1 h atroom temperature. Yield: 78%. Mp 5. 13C
CPMAS NMR (50.32 MHz):6 162.8 (1C, CCH), 139.9 (1C/m-CH),
136.2 (3C,m-CH ando-CH), 105.0 (1C, Hg-CH), 30.9 (1C, CH),
16.2 (1C, CH).

[Hg(0-CeHaMey)(AICI )][AICI 4] (5). Prepared in a manner similar
to that for compound, but usingo-xylene (25 mL), anhydrous Hggl
(1.00 g, 3.68 mmol), and AlGI(0.984 g, 7.37 mmol) to yield dark-
yellow crystals. Yield: 80%. Mp 99C. 13C CPMAS NMR (50.32
MHz): ¢ 158.4 (1C, CCH), 147.7 (1C, CCH), 139.0 (2C,0-CH),
135.6 (1C,m-CH), 105.5 (1C, Hg-CH), 22.4 (2C, CH). Z7Al MAS
NMR (52.15 MHz): ¢ 89 and 82 M2 = 870 Hz).2’Al NMR (52.15
MHz, in o-xylene, GDs as an external lock solvent)) 105 W, =
630 Hz).

[Hg(0-CsHiMey)(GaCl,)][GaCl,] (6). Prepared in a manner similar
to that for compound, but usingo-xylene (25 mL), anhydrous Hggl
(1.00 g, 3.68 mmol), and Gag£(1.298 g, 7.37 mmol), to yield dark-
yellow crystals. Yield: 85%. Mp 77C. *3C CPMAS NMR (50.32

cryst. system
space group
no. collected
SHELXTL
parameters

no. ind

no. obsd
weighting scheme

largest diff

empirical formula
peak, eA3

cmpd
a A
b, A

A
B, deg
u, cmt

vV, A3
z

R
Ry

orthorhombic

F2:2,2;
11887

3763
2467 (Fo| > 4.00|F|)

(AICIAAICI 4] (5)

C15H20A| 2C|3Hg
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z
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Hg(CeHsEL)2(AICI 4)2 (3)
Pbcn

C15H20A| 2C|8Hg

750.47
1035 (Fo| > 4.00|F,))

13.695(3)
12.671(3)
15.115(3)
2622.8(9)

4
1.901

6439
1846
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0.1449
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z

(37)NMR and the Periodic TabjeHarris, R. K., Mann, B. E., Eds.;
Academic Press: New York 1978; p 268

R
Ru

Table 5. Summary of X-ray Diffraction Data
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MHz): 6 159.0 (1C, CCH), 146.3 (1C, CCH), 139.3 (3C,0-CH and
m-CH), 102.9 (1C, Hg-CH), 22.5 (1C, CH).

Hg(CeH3z-1,2,3-M&)2(AICI 4)2 (7). Prepared in a manner similar to
that for compoundl, but using 1,2,3-trimethylbenzene (20 mL),
anhydrous HgGl(0.50 g, 1.84 mmol), and Alg(0.491 g, 3.68 mmol).
Yellow crystals were grown over a few days-at9 °C. Yield: 70%.
Mp 94 °C. 3C CPMAS NMR (50.32 MHz):6 153.1 (3C, br, CCh),
148.1 (3C, br, CCh), 136.3 (1Cp-CH), 135.0 (1Cp-CH), 125.1 (1C,
Hg-+-CH), 117.2 (2C, Hg-CH), 112.8 (1C, Heg-CH), 23.8 (2C, CH),
21.6 (1C, CH), 20.4 (1C, CH), 16.9 (1C, CH), 15.5 (1C, CH). Al
MAS NMR (52.15 MHz): 6 90 and 76 V1> = 2040 Hz)32 2/Al NMR
(52.15 MHz, in 1,2,3-trimethylbenzene,sl0s as an external lock
solvent): 6 105 Wy, = 2040 Hz).

Hg(CeHs-1,2,3-M&y)(GaCly), (8). Prepared in a manner similar to
that for compoundl, but using 1,2,3-trimethylbenzene (20 mL),
anhydrous HgGI(0.5 g, 1.84 mmol), and Ga&(0.65 g, 3.68 mmol).
Yellow crystals were grown over a few days-at9 °C. Yield: 80%.
Mp 83 °C. °C CPMAS NMR (50.32 MHz): 6 152.9 (1C, CCH),
152.2 (1C, CCh), 150.8 (2C, CCH), 147.5 (1C, CCH), 146.4 (1C,
CCHg), 136.0 (1C,0-CH), 134.7 (1C,0-CH), 124.4 (1C, Hg-CH),
118.0 (1C, Hg+CH), 117.0 (1C, Hegr-CH), 113.8 (1C, Her+CH), 23.4
(2C, CH), 21.8 (1C, CH), 20.6 (1C, CH), 16.9 (1C, CH), 15.6 (1C,
CHg).

" Liquid Clathrates. To a solid mixture of HgGl(1.00 g, 3.68 mmol)
and AICk (0.984 g, 7.37 mmol) was added the appropriate arene (10
mL). The resulting yellow-orange solution was stirred vigorously at
60 °C until all of the HgC} dissolved. In approximately 30 min stirring
was halted, and within a further 5 min the reaction mixture separated
into two layers. The bottom chlathrate layer has the general formula,
Hg(areneys(AICl 4),. Similar chlathrates are observed with GaClV —
visible spectral data are given in Table 3.

CeHe. Bottom layer,?’Al NMR (52.15 MHz, GDs as an external
lock solvent): 6 105 Wy, = 1170 Hz).

m-CeHsMe,. Bottom layer,?’Al NMR (52.15 MHz, GDs as an
external lock solvent)d 104 (Wi, = 1800 Hz). Top layer2’Al NMR
(52.15 MHz, GDs as an external lock solventy) 105 Wy, = 1210
Hz).

p-CeHsMe,. Bottom layer,?’Al NMR (52.15 MHz, GDs as an
external lock solvent):d 105 Wy, = 1720 Hz).

Computational Methods. All density functional calculations were
carried out using a Gaussian-98 sifit€omplete geometry optimiza-
tions were performed at B3LYPlevel using the 6-31G** basis set
for C and H and Stuttgart RLC ECP basis set for Hg, Cl, andAl.
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and Cs symmetries were imposed on neutral and cationic molecules,
respectively. Vibrational frequencies were then evaluated for benzene
complexes to verify the existence of the true potential minimum and
to determine zero-point energie¢SC NMR chemical shifts for Hg-
(CsHsMe),(AICl ), and [HgE-CeHaMe,)o(AICI )] complexes were
calculated at the same level of theory. Vertical excitation energies and
corresponding oscillator strengths for Hgkg)2(AICl 4)2, Hg(CsHsMe),-

(AICl )2, and [Hge-CsHaMe)(AICI 4)] T were calculated by the single-
excitation configuration interaction (CI8)method at the ground-state
stationary points of the B3LYP level.

Crystallographic Studies.Data for compound$, 2—5, and7 were
collected on a Bruker CCD SMART system, equipped with graphite
monochromated Mo K radiation ¢ = 0.71073 A) and corrected for
Lorentz and polarization effects. The structures were solved using the
direct methods program XSand difference Fourier maps and refined
by using full matrix least-squares methods. All non-hydrogen atoms
(except the ethyl groups in compoun8@sand 4) were refined with
anisotropic thermal parameters. Hydrogen atoms were introduced in
calculated positions and allowed to ride on the attached carbon atoms
[d(C—H) = 0.95 A]. Refinement of positional and anisotropic thermal
parameters led to convergence (see Table 5).
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