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lonic and covalent derivatives of the chlorine analogue of the nonbasic, weakly coordinating triflate ion, Cl;CSO3~
or “trichlate” ion, have been prepared and compared with the corresponding more strongly coordinated chloroacetates,
Cl,CH3_,CO;M (x = 1-3), using **CI NQR (nuclear quadrupole resonance) spectroscopy. The *CI NQR frequencies
of all types of derivatives are sensitive to the nature of the metal ion or Lewis acid and are most sensitive in the
case of monochloroacetates. In covalent (including zirconocene) derivatives, the average NQR frequencies fall as
the Pauling electronegativity of M falls. The results for ionic derivatives contrast with previous results for ionic
hexachlorometalates: the average **Cl NQR frequencies drop sharply as the ionic radius of the group 1 cation
increases. Ab initio Gaussian 98 computations at the B3LYP/6-311++G(3df,3pd) level on isolated XCH,CO,M (M
= Li, Na, K; X = F, Cl) molecules duplicate this trend, showing increasing polarization of the C—Cl bond and
smaller electric field gradients for larger group 1 ions; the relevance of this to the solid state polymerization of
chloroacetates (Herzberg, O.; Epple, M. Eur. J. Inorg. Chem. 2001, 1395-1406) is discussed. We have prepared
the dihydrate and monohydrate of trichlic acid, Cls;CSO3H. Although trichlates have the highest average NQR
frequencies of any of these salts, the NQR frequencies of trichlic acid dihydrate are anomalously lower than those
of trichloroacetic acid, which suggests that it is a strong acid, ionized in the solid state to HsO,* and Cl;CSO3~
ions.

Introduction include methanesulfonate (G8I0;7), tetraphenylborate
[B(CeHs)s], and 1-carbazloscdodecaborate (CBH,7).6
Coordinating ability of the anion is further reduced by
substituting the outside surface of the anion with weakly
coordinating functional groups containing very electronega-
tive atoms such as halogen, to give anions such assfB\C]’

and CESO;~ (commonly known as triflate ion and very
frequently used as a good leaving group in organic chem-
istry).2 The most important industrial application requiring
weakly coordinating anions is the metallocene process of
producing stereoregular polymerization of alkeheghis
polymerization has been catalyzed using zirconocene tri-
flates!® which are also useful for catalysis of aléfobnd
Diels—Alder!? reactions.

Chemists have long sought “noncoordinating” anions to
serve as inert counterions in salts of very elusive, very
reactive cations such as silylium ionsz3®",* and various
transition metal organometallic cations which are important
industrially as catalysts, and which require “vacant” coor-
dination sites. It is now acknowledged that there are no
noncoordinating aniodsthe focus is now on finding easily
dissociated weakly coordinating aniérthat act as good
leaving groups from latent coordination sitedVeakly
coordinating anions should be as nonbaa&possible: they
should have low charge and a large size over which the
charge can be dispersed. Examples of this type of anion
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Chem., Intl. Ed. Engl1993 32 1025-1027. 260, 1917+1918.

(4) Strauss, S. HChemtracts: Inorg. Chenl994 6, 1-13. (8) Lawrance, G. AChem. Re. 1986 86, 17—33.

10.1021/ic020727j CCC: $27.50 © 2004 American Chemical Society Inorganic Chemistry, Vol. 43, No. 6, 2004 2031

Published on Web 02/13/2004



Wulfsberg et al.

Most weakly coordinating anions now being investigated Cl—CH,—C00 Chioroacetate Ton (Kp, = 7.4 x 10-12)
have fluorinated surfaces, and organofluorines are hard bases,
cl
which have been observed to coordinate to the (presumably) > “CH—Co0 Dichloroacetate Ton (K, = 2.2 x 10-13)

hard zirconium(lV) active site in metallocene cataly$ne
of the least coordinating anions discussed at the Symposium ¢

on Weakly Coordinating Anioéwas not a fluoro anion, c&/ c—C00’ Trichloroacetate Ion (Kp = 4.6 x 10-14)

but rather (CBHgXe)~ (X = ClI, Br, 1),'5 in which the

halogen atoms are soft bases, which may have less propen5|ty  CH—SO. Chloromethanesulfonate Ton (K, unknown)
—OV3

to bond to hard zirconium(I1\V4¢

Such anions are appropriately studied spectroscopically, Cl
not by NMR, but by?5Cl, 781Br, and*?"l nuclear quadrupole CEI/C_SO Trichloromethanesulfonate Ton (Kp = 7.2 x 10-17)
resonance (NQR) spectroscopy. Since NQR studies require

Figure 1. Structures ané values for anions involved in this study. Values
gram- -scale samples of crystalllne solid products, we have of Ky are calculated from acid ionization constants from the following
begun our investigations, not with the very expensive references:CRC Handbook of Chemistry and Physi84st ed.; Lide, D.
(CB11HeXe)~ salts, but rather with analogues to §3@;~ 2}{15?';DCT\JCJPR(/T;S:S??;?Eeginés%ﬁgoz% pp48. Edwards, H. G. M.;
and CRSG;~. Our initial paper focused on the halomethane- T ' '
sulfonate ions (XCK5G;~, X = ClI, Br, 1);*7 in this paper
we focus on the less basic and presumably more weakly M.
coordinating GJICSG;~ ion (trichloromethanesulfonate), which
can be called “trichlate” ion by analogy to the triflate ion.  TypeI: Monodentate
These results are compared with data for the somewhat
more basic, more coordinating chlorocarboxylate anions, M/ Sc—cxy
ClH3-xCO,~ (x = 1—3, Figure 1).

Chloroacetate ions readily coordinate to stronger Lewis
acids such as carbonium ions, hydrogen ions, and transition- LO-M-0_
metal ions to give covalent derivatives (esters, weak acids, CXS"C\O_IJA_O/C—C&
and complexes, respectively), among which there are three
major structure types (Figure 3.The simplest covalent ~ Typell: Bridging Cyclic
structure type | is monodentate, as found in esters and some %
complexes. Other covalent types are found, however, espe- o Yo
cially for the more basic mono- and dichloroacetate ions. ,{ ™M M

0O=0

CX;3

Type II: Chelate

(9) Luo, L.; Marks, T. JTop. Catal.1999 7, 97—106. Jordan, R. FAdv. éX
Organomet. Cheml991, 32, 325-382. Brintzinger, H. H.; Fischer, 3
D.; Mulhaupt, R.; Rieger, B.; Waymouth, R. Mingew. Chem., Intl. o .
Ed. Engl.1995 34, 1143-1170. Deutsch, C. H. Finding Flexibility ~ 1yPe IIIA: Bridging Polymeric
in Plastics: High Technology Could Add New Life to an Old Product.

New York TimesSept 9, 1997, pp C1, C6. [M"] [M*]

(10) Sharp, C. World Patent WO 9902570, 19@&em. Abstr1999 130, X:C—COy OO —CO; 0L
110751. Suga, S.; Uehara, Y.; Maruyuma, Y.; Suzuki, T. Japanese [ ? ZJ[M"] [ 0,C CX}] {X3C 2] [m'] [ 0:C CX3]
Patent JP 07053621, 199Bhem. Abstr1995 123 84293. Naganuma,

S.; Watanabe, M. European Patent UP 591756, 189%m. Abstr. )
1994 121, 206528. Imuta, J.; Saito, J.; Ueda, T.; Mukaiyama, T.  TypeIV: Layer Ionic
European Patent EU 591746, 199hem. Abstr1992 119, 28795.
(11) Lin, S.; Bondar, G. V.; Levy, C. J.; Collins, S. Org. Chem1998
63, 1885-1892. X3C—COy | [ M* ]| 0.6—CX3| [ M* || X35¢—CO7" | [ M* ]| "0,c—CX.
(12) Jaquith, J. B.; Levy, C. J.; Bondar, G. V.; Wang, S.; Collins, S. [ ][ ][ 2 3][ ][ ’ 2][ ][ 2 3]
Organometallics1998 17, 914-925.
(13) Sun, Y; Spence, R. E. v. H.; Peirs, W. E.; Parvez, M.; Yap, G. P. A, Type V: "Normal" Ionic
J. Am. Chem. S04997, 119,5132-5143. Burlakov, V. V.; Troyanov,

S. I; Letov, A. V.; Mysov, E. |.; Furin, G. G.; Shur, V. BRuss. Figure 2. Bonding types considered for the chloroacetate and chlo-
Chem. Bull.1999 48, 1012-1013. romethanesulfonate ions in this study (illustrated for trihaloacetate ion).

(14) Lupinetti, A. J.; Strauss, S. KChemtracts: Inorg. Chenl998 11, Type V is a largely hypothetical arrangement in which there is a layer of
565-595. cations alternating with every layer of anions.

(15) (a) Xie, Z.; Bau, R.; Reed, C. Angew. Chem., Intl. Ed. Engl994
33, 2433-2434. (b) Xie, Z.; Manning, J.; Reed, R. W.; Mathur, R.; .
Boyd, P. D. W.: Benesi, A Reed, C. 4. Am. Chem. Sod996 On a few occasions the acetate group uses both oxygen atoms
118 2922-2928. to chelate the same metal atom (structure type II). More

(16) Solvent CHCI, does not coordinate to metallocene cations: Deck, P. - .
A Beswick, P. A.: Marks, T. 1. Am. Chem. S0d998 120, 1772 common are the type Il and Ill1A bridging acetates; the type

1784. [Il dimeric transition-metal acetates, JAécetate), often

(17) Wulfsberg, G.; Parks, K. D.; Rutherford, R.; Jackson, D.; Jones, F. fegture single or multiple metaimetal bonds.
E.; Derrick, D.; llsley, W.; Strauss, S. H.; Miller, S. M.; Anderson, . . . .
O. P.. Babushkina. T. A.. Gushchin, S. I.. Kravchenko, E. A The weakest Lewis acids (the cations of the first two

Morgunov, V. G.Inorg. Chem.2002 41, 2032-2040. groups) give ionic salts; ionic chloro-, bromo-, and iodoac-

18) Nakamoto, Klinfrared and Raman Spectra of Inorganic and Coor- . .
o dination Compounds3rd ed.; John Wilrgey & Sons: N%W York, 1978, etated® norma”y adopt layer structures (type IV)’ in which

232. the haloalkyl groups are far from the metal ions, forming

2032 Inorganic Chemistry, Vol. 43, No. 6, 2004



Weakly Coordinating Trichloromethanesulfonate Anion

layers in which their nearest neighbors in the next layer are NQR frequencies would be insensitive to the nature of the
also haloalkyl groups. This structure contrasts with that of Lewis-acid cation, so a plot of NQR frequencies versus an
more “normal” ionic compounds such as NaCl, which appropriate parameter for the Lewis acid would show zero
alternate layers of cations and anions (type V). Single-crystal slope. More plausibly, the plots may show a lower slope for
structure determinations on layer haloacetates are seldonthe least basic anion, trichlate, and a higher slope for the
possible since they tend to form thin, disordered crysfals, most basic anion, chloroacetate.

but NQR spectra are usually obtainable on these crystals.Thegry2o

Soft Lewis acids such as Agften additionally coordinate NQR-active nuclei are nonspherical in shape and have
chlorine atoms from chlorocarbons. Silver chloroacetate hasnuclear spinl > Y, with nonzero nuclear quadrupole mo-

a typical type lll dimeric structure, but there are also ments. NQR spectra, unlike NMR spectra, are measured
interdimer contacts between each chlorine in one dimer andyithoyt external magnetic fields, because the energy levels
a silver atom in anotheé® such a feature is absent in silver of quadrupolar nuclei are determined by the symmetry of
quoroacetgté.l In calcium chl_oroacetate mpnohydr%te their electron environments, specifically their electric field
conformational changes result in halogenetal ion contact 45 gients eq. Quadrupolar nuclei in spherical environments,
and a nonlayer overall strugturg. We have previously shpwn such a$53%Cl nuclei ( = 3») in chloride ions in a NaCl lat-
that organohalogen coordination to metals such as S""ertice, can be flipped with zero input of rf energy, but as the
profoundly affects theif*Cl NQR frequencies’****Hence  op|5rige jon forms a covalent bond to an external atom or
NQR datg for soft-acid metal ion salts of chlorinated anions cation, it becomes nonspherical, and a definite rf energy is
(and calcium chloroacetate) must be analyzed separatelyygquired to flip the nucleus between allowed orientations.

these will be the focus of a separate study. Hence the NQR frequency responds sensitively to the ionic

There is Iim!ted structural data available for chlpromethane- or covalent character of the bond of the chlorine to the nearby
sulfonates: silver chloromethanesulforiatnd silver bro- atomn or cation.

momethanesulfonate show type V ionic structures with The electric field gradient is very sensitive to the distance
sHver—hangen coordination. No structural data is available ¢ ihe electric charges from the nucleus:

on trichlates, whereas many structures have been done on
triflates, so we will assume that the structural types of
trichloromethanesulfonates are similar to those of triflates

and other organosulfonates. Structure type | is assumed 0 External charges can distort the core electrons from spher-
be found in esters and is found in the metallocene triflate jca| symmetry, but this effect is difficult to calculate. Most
(CsHs)2Ti(O3SCRs)2. % Covalent or coordinate-covalent tri-  commonly and generally rather successfully, the Townes
flates of transition, lanthanide, post-transition, and nonmetal Dailey approximatio# is used, which focuses on the electric
elements commonly involve two or three oxygen donor fie|q gradient created by imbalances in the valence electron
atoms bridging to two or three metal or nonmetal atoms (type popylations of the chlorine atoms. Using this theory, one
lIA). ¢ lonic triflateg” and organosulfonates in genéfal  ~4n derive a relationship of the NQR frequency of@l

normally adopt layer structures (type V). _ atom to the ionic charactéror the covalent character of
NQR frequencies are extremely sensitive to the electronic o single bond to the unhybridized chlorine atom:
environment of the NQR-active nucleus. If one of these ions

were truly noncoordinating, we hypothesize that its average ,,(*c|y = —/,(1 — )EQq, =

eq,=— [W*3cos 6 — 1y Yy dr 1)

1 .
(19) Elizabe L.; Kariuki, B. M.; Harris, K. D. M.; Tremayne, M.; Epple, —1,(1 —i)(109.746 MHz)= —54.873% (2)
M.; Thomas, J. M.J. Phys. Chem. BL997 101, 8827-8831.
Ehrenburg, H.; Hasse, B.; Schwartz, K.; Epple,Aéta Crystallogr.,

Sect. B1999 55, 517-524. wheree?Qq is the quadrupole coupling constant due to one
(20) Epple, M.; Kirschnick, HChem. Ber./Recl1997, 130, 291294, electron in a chlorine valence 3p orbital. Since in Gordy’s
(21) Karpova, %r:/ér?nBlgg%'i%Aé"rﬁégre”e"' Yu. M. Troyanov, SRuss.  approacht the ionic character of a bond equals one-half of
(22) Karipides, A.; Peiffer, Kinorg. Chem.1988 27, 3255-3256. the difference of the Pauling electronegativities of the bonded

(23) Wulfsberg, G.; Robertson, J.; Babushkina, T. A.; Gushchin, S. I.; Terao, atom,XP, and Ch|orine, 316, for chlorines bonded S|ng|y to
H.; Powell, J.Z. Naturforsch., A: Phys. Sc200Q 145-150.

(24) Newbound, T. D.; Colsman, M. R.; Miller, M. M.; Wulfsberg, G. P.; ONn€ other atom M, the NQR frequeneyin MHz) is strongly
Anderson, O. P.; Strauss, S. H.Am. Chem. Sod989 111, 3762~ dependent on the Pauling electronegativiyof the other
3764. Colsman, M. R.; Newbound, T. D.; Marshall, L. J.; Noirot, M. atom M3b
D.; Miller, M. M.; Wulfsberg, G. P.; Frye, J. S.; Anderson, O. P.; :
Strauss, S. HJ. Am. Chem. Sod.99Q 112, 2349-2362.

(25) Charbonnier, F.; Faure, R.; Loiseleur, Acta Crystallogr., Sect. B theoreticah,(35(;|) = 27.436K, — 1.16) 3)
1978 34, 3598-3601.

(26) Thewalt, U.; Klein, H. PZ. Kristallogr. 1980 153 307—315. o ab 35

(27) Tremayne, M.; Lightfoot, P.; Mehta, M. A.; Bruce, P. G.; Harris, K. empirical best fit° v(**Cl) ~ 26.0-—1.13) (4)
D. M.; Shankland, K.; Gilmore, C. J.; Bricogne, &.Solid State Chem.
1992 100, 191-196. Jansen, M.; Korus, &. Anorg. Allg. Chem.
1997 623 1625-1632. Korus, G.; Jansen, M. Anorg. Allg. Chem. (29) Lucken, E. A. CNuclear Quadrupole Coupling Constanfscademic

2001, 627, 1599-1605. Press: London, 1969; Chapter 7. Semin, G. K.; Babushkina, T. A.;
(28) Shimizu, G. K. H.; Enright, G. D.; Ratcliffe, C. I.; Rego, G. S.; Reid, Yakobson, G. G.Nuclear Quadrupole Resonance In Chemistry

J. L.; Ripmeester, J. AChem. Mater1998 10, 3282-3283. Shubnell, Wiley: New York, 1975; Chapter 5.

A. J.; Kosnic, E. J.; Squattrito, P. horg. Chim. Actal994 216, (30) Townes, C. H.; Dailey, B. Rl. Chem. Phys1949 782-796.

101-112. (31) Gordy, W.J. Chem. Physl1951, 19, 792-793.
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For chlorine bonded to carboixXg = 2.55), this predicts Table 1. 35CI NQR Frequenciés(MHz) Measured at 77 K for
a frequency of 36.9 MHz, but the NQR frequencies of Chloroacetates

R1R:R3C—Cl compounds actually span a region of about compd frequency  frequency frequency  av
33—42 MHz, depending sensitively on the inductive (electron- A. Chloroacetates
withdrawing) effects of the R groups. Li(CICH2CO,) 35.254(12) 35.254
. " . Hg(CICH,COy), 36.603¢11) 36.603
NQR frequenmeg are so sensitive to the environments _ole(C|CH2CO2) 33.431(7) 33.431
quadrupolar nuclei that they are affected by charges in Pb(CICHCO,), 35.150(15)  33.878(8) 34,514
neighboring molecules and (especially) ions. Hence, althoughAd2(CICHCO). ggggggg 33.700(4) ~ 33.630(4) 33.671
there is presumably iny'one' kind ofCl bond in each of  cu(CICH,CO)2H0 36.89(2) 36.84(2) 36.35(2)  36.26
the compounds studied in this paper, there usually is more 36.25(2) 36.15(2)  36.07(2)
5 i i i ; 35.82(2) 35.72(2)
than one*Cl N.QR 5|gnal. C hem|ca_lly eqt_uvale_nt_atoms n Cw(CICH,CO,)4'5H,0 37.148(4)  36.905(2) 36.822(1.5) 36.405
crystallographically inequivalent sites give distinct NQR 36.580(2)  36.139(3) 35.945(2)
spectra, since they have different intermolecular or interionic _ 35.885(2)  35.813(1.5)
contributions to their electric field gradients. If the crystal CICHCOSICH): - 35.814(11) 35.814
lattice is complex, the resulting “crystal field effectstan , B. Trichloroacetates
here to be manv sianals for the same chemical tvpeSCCSICH)s 39.921(50) 39.583(34) 39.396(50) 39.633
cause there y Sig ! . 1 YP&Rp(CECCO)-H:0  39.220(2.5) 39.134(3) 39.089(2)  38.662
of chlorine: CCI(s) has 16 frequencies, with a spectral width 39.000(3)  38.894(3.5) 38.823(2)
from the lowest to the highest frequency of 0.351 MHz. 38.728(3)  38.533(2)  38.476(2.5)
X . 38.415(3)  38.374(4) 38.309(4.5)
In covalent organochlorine compounds, the spectral widths 38.225(3)  38.049(3)

are normally limited to about 0.8 MHz. Due to the high
sensitivity of quadrupolar nuclei to their electronic environ-
ments and the presence of point charges in ionic latticesTable 2. 35CI NQR Frequencigs(MHz) Measured at 77 K for
acting to polarize core and valence electrons of the chlorine, Chloromethanesulfonates

a Signal-to-noise ¥N) ratios are given in parentheses.

crystal field effects can be much larger than 0.8 MHz in compd frequency  frequency  frequency av
ionic compounds; we need to estimate how large they can A. Trichloromethanesulfonates

be inionic chlorinated organic anions such as chloroacetatesCs(CkCSQ) 39.200(32) 38.970(23) 38.724(20) 38.965
and chloromethanesulfonates. To minimize the random RP(CECSQ) 40.258(4)  40.027(2)  39.990(3)  39.438

. . e . 39.822(4)  39.528(4)  39.063(4)
influences of crystal field effects, we will first discuss trends 38.830(5) 38.766(3)  38.656(3)

in average NQR frequencies, keeping in mind that small K(ClsCSQ;):H:0 ~ 39.941(17) 39.637(10) 39.560(6)  39.740

o . 39.419(7)

deviations o_f average frequenqles from genergl trends may . ci,csay 40133(1'5) 39.822(2.2) 39.766(2.2) 39.759

be due to incomplete averaging of crystal field effects, 39.244(1.5)

especially when the compounds are not isomorphous andNa(CkCSQy)-H,O ~ 40.143(7)  40.079(7)  39.376(7)  39.866

isostructural Na(CkCSQy) 40.997(4)  40.636(4)  40.300(3)  40.016

- o _ 39.825(2) 39.225(2)  39.111(2)

Substantial sensitivity of average NQR frequencies of Hs0,(Cl;CSQ) 40.240(17) 40.202(17) 39.563(12) 40.002

anions in salts to the size of the cation has been observed.za?c(?'éga?{)H o ig-%%g?) ig-égg((‘;g)) ‘ég'gggﬁﬁ gg-gég

Brill 33 studied thé®“Cl NQR spectra of the type V ionic group Bg(c,jcso&)ﬁi{zo 40331(2.5) 40.151(4) 40.037(4)  40.173

I and quaternary ammonium salts of M€l anions (M= Ba(CkCSQy)2 40.402(8)  40.183(8)  40.053(8)  40.213

salts decrease by up to 2.0 MHz as the counterion radius B. Chloromethanesulfonate

decreases. Guif#however, has noted that the opposite trend Na(CICHSGy) 37.026(4) 37.026

prevails in the NQR frequencies of chloroacetates: average aSigneﬂ-tlf-noise N rg{t’i\?s are gz/en in parznthesthNei?hted |

: P ; . average, taking into accoustN ratios and unexpected numbers of signals;
_NQR frequencies _drOp as th_e ionic radius of the counterion where possible confirmed by studies at other temperatures.
increases. We wish to clarify these effects and seek an

explanation of this altered trend. those previously assigned to the trichlate arfibrivielting
points were measured and dehydration behavior was observed on
Experimental Section an Electrothermal melting-point apparatus. §XthCl and

Cl3CCO,Si(CHg)s were obtained from Aldrich, CICK O,Si(CHg)s
%Cl NQR spectra were measured at 77 K on a Decca super-was obtained from Fluka, and {1SQ,CH,CF; was obtained from
regenerative continuous-wave NQR spectronieter a RITEC Lancaster Syntheses; all were used as received. Elemental analyses
pulse Fourier transforr?’Cl NQR spectrometei® New 35CI NQR were performed by Galbraith Laboratories and are reported in
data obtained are reported in Tables 1 and 2. IR spectra were runSupporting Information Table 1. Water percentages are also
on KBr pellets on a Nicolet Impact 410 infrared spectrometer; the included in Supporting Information Table 1 and were obtained by
spectra of all trichlates contained bands very close in position to Karl Fischer titration, TGA, or vacuum dehydration. Dehydrations

(32) Weiss, A.Top. Curr. Chem1972 30, 1-76. (35) Smith, J. A. SJ. Sci. Instrum1968 1, 8—14.

(33) Brill, T. B.; Gearhart, R. C.; Welsh, W. Al. Magn. Resorll974 13, (36) Petersen, G. L.; Bray, P. J.; Marino, R.A.Naturforsch., A: Phys.
27-37. Brill, T. B.; Welsh, W. A.J. Chem. Soc., Dalton Tran$973 Sci. 1994 65-70.
357-359. (37) (a) Edwards, H. G. M.; Smith, D. N. Mol. Struct.1991 263 11—

(34) Paeau, A.; Gourdji, M.; GuibeL.; Bertault, M.; Toupet, LNew J. 20. (b) Miles, M. G.; Doyle, G.; Cooney, R. P.; Tobias, R. S.
Chem.1997 21, 873-878. David, S.; GuibelL.; Gourdji, M. New J. Spectrochim. Acta, Part A969 25, 1515-1526. (c) Buger, H.;
Chem.1995 19, 37—46. Burczyk, K.; Blaschette, AMonatsh. Chem197Q 101, 102-119.
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of salts were done on weighed samples under vacuum using eithetCl;CSGCI; we found that metal salts could also be readily
desiccation over #Os or heating with a hot water bath or a tube  produced from this ester by warming for a few hours, without
furnace. TGA measurements were obtained on a Perkin-Elmer any separation from MCI being required.
TGA-7 thermogravimetric analyzer between ambient temperature
ngIjZOCPC. KarI_Flscher t_ltratlons were carrled_out using a Mettler CI,CSO,CH,CF, + MOH — CI,.CSOM + CF,CH,OH (7)
8 Karl Fischer titrator. Representative syntheses of
Ba(CkCSQ),, Ag(Cl;CSG),:H,0, and TI(CICHCO,) are included
in t(heb Su?gértir?é |;f0rr%;ii0;_ (CICHCE) The dihydrated acid can be obtained as large crystals by
Cesium Trichloromethanesulfonate Trichloromethanesulfonyl  refluxing this ester for 4 days with a 1:2 mixture of water
chloride (5.026 g, 23.07 mmol), ca. 17 g (57 mmol) of 50% aqueous and ethanol, and then allowing the aqueous solution to
CsOH solution, and 100 mL water were stirred at room temperature evaporate over 80, or P,Os:
for 5 days, the amount of time it took for thesCISQ,CI to dissolve.
The volume of the solvent was reduced by rotary evaporation, and Cl,CSO,CH,CF; +
the solution was cooled in a refrigerator overnight. After filtration, _ +
a second crop of crystals was similarly obtained; the total yield of 3H,0 — [CI,CSO; J[Hs0, '] + CRCH,OH (8)
the cesium salt was 7.133 g (21.53 mmol; 93.1% yield). The crystals
were recrystallized from hot water to give 3.513 g (10.60 mmol, This hydrated acid can be dehydrated slowly over phosphorus

46.0% yield) of purified product; the salt decomposed at-2580 pentoxide in vacuo to a monohydrate. The hydrated acid can
°C. be used for an easier preparation of the silver salt, by
Trichloromethanesulfonic Acid Dihydrate and Monohydrate. dissolution of AgO.

In a 250 mL round-bottom flask, 5.61 g (19.9 mmol) of

ClCSQCH,CF, 40 mL of de'qn'.zed.water’ and .80 mL (?f ethanol chloroacetate, lithium and cesium dichloroacetates, and
were refluxed for 4 days, until titration of an aliquot with strong

base indicated nearly complete hydrolysis of the ester to the acid. potassium, rubidium, and tetraethylammomum t”ChlorO"’,‘C'
The solution was then reduced to a small volume by rotary etates, but most of these compounds failed to give
evaporation and placed in a vacuum desiccator over phosphorusNQR spectra (both hydrated and anhydrous forms were
pentoxide to remove water from the solution, giving 3.44 g (14.6 checked). The chloroacetates of silvetead;® thallium(l),
mmol, 73% yield) of large crystals. These crystals gradually lost mercury(ll)#* and copper(I! were synthesized by acid
further water over several months in vacuo over phosphorus base reactions in water or ethanol. Calcium chloroacetate
pentoxide to give the monohydrate. monohydrate was synthesized both from ethanol and water
Results and Discussion and gave the NQR spectrum reported earlier by GuilgA

Synthesis of Compounds.Kolbe®® first prepared the  analysis confirmed that the product obtained was actually
potassium and monohydrated sodium, barium, and silver saltsthe monohydrate, the crystal structure of which has been
of the trichloromethanesulfonate ion (“trichlate” ion) by the determined? Silver chloroacetate was also prepared by
reaction of metal hydroxides with gESQCI: precipitatior? and homogeneous precipitati&ralthough the

largest crystals were produced by the latter method, there
2MOH + CI,CSOLCI — MCI + CI,LCSOM + H,0  (5) was little difference in NQR signal strength. LDICH,CO,),*
5H,0 dissolved in methanol was reacted with the chemical
Other workers have also described this preparation of thedehydrating reagent 2’2-dimethoxypropane for 2 days: the
monohydrated sodium s&ftKolbe also prepared the mono-  crystals that were obtained still showed the IR bands of water
hydrated acid; Edwar@® prepared the anhydrous acid by and analyze approximately to be the known dihydfate.

reacting the sodium salt with HCI in acetonitrile. NQR Results: General.The large amount of literature

In contrast to our previous experience with monohalom- 4.2 available for chloroacetates, dichloroacetates, and
ethanesulfonates, we find the group 1 trichlates to be  yicnioroacetates (including those of the zirconocene and
sufficiently less soluble than the group 1 halides that they |\otnocene cations) are summarized in Supporting Informa-
can be easily separated, and are pure after one recrystalliyjy, Taples 2,3, and 5, respectively: we give our new data

zation (from water, methanol, or ethanol). The barium salt ;, Tables 1 and 2 and summarize average frequencies for
is best prepared from Ba(OH3H,O and C}CSQCI in these compounds in Tables-8.

methanol, frqm which Ba@iZH?O precipitates; the produgt The NQR frequencies of chloroacetates (Table 3) are
can be obtained on evaporation. The monohydrated silver :
lowest, followed by dichloroacetates and chloromethane-

sa}It could .npt be prepared from msolublez&;]by analogy sulfonates (Table 4), trichloroacetates (Table 5), and then
with eq 5; it can be prepared from the barium salt and

Acid—base neutralization was used to prepare lithium

Ag,SOy:
9250, (39) Beckkurts, H.; Otto, RBer. Dtsch. Chem. Ge4881 576-591.
(40) Bateman, W. G.; Hoel, A. BJ. Am. Chem. Sod914 36, 2517
Ba(CCLSQ;),3H,0 + 2521. Grillot, E.C. R. Hebd. Seances Acad. Ste38 207, 996—
. . 998. Grillot, E.Bull. Soc. Chim. Fr1949 303-309.
Ag,SO, — BaSQ(s) + 2Ag(CCLSO,)-H,O + H,O (6) (41) Bateman, W. G.; Conrad, D. B. Am. Chem. Sod915 37, 2553-
2560.

At the present time, the ester 2,2,2-trifluoroethyl trichlo- (42) Hill, A. H.; Simmons, J. PJ. Am. Chem. Sod.909 31, 821-840.

; . : . Parker, J. V.; Hirayama, C.; MacDougall, F. H.Phys. Colloid Chem.
romethanesulfonate is more readily available than is 1949 53, 912-920.

(43) sShi, Q.; Cao, R.; Hong, M. C.; Wang, Y. Y.; Shi, Q. Zransition
(38) Kolbe, H.Ann. Chem. Pharml845 54, 145-188. Met. Chem. (Dordrecht, Netherland8D01, 26, 657—661.
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Table 3. Summary of 77 K NQR Parameters (MHz) of Chloroacetates

A. Covalent Esters, Acids, Complexes

structure av frequency no. NQR largest spectral
compd type? (MHz) signals splitting? widthe xef
CICH,CO,CHs 36.116 2 0.033 0.033 2.44
CICH,CO,CgHs 36.471 4 0.467 0.725 2.46
CICH,CO,CeHoCl3 36.856 1 0 0 2.57
CICH;CO,Si(CHg)3 35.814 1 0 0 1.76
(CsHs)2Zr(CICH,COy), I +11e 35.045 2 0.550 0.550 1.33
(CsHs)-Hf(CICH2COy), I+ e 35.145 2 0.570 0.570 1.30
CICH,CO,H phase | Inf 36.280 2 0.298 0.298 2.20
CICH,CO:H phase Il 1P 36.45 1 0 0 2.20
CICH,CO;H phase Il 36.14 1 0 0 2.20
Cuy(CICHCO,)4-5H,0 lnih 36.405 8 0.441 1.335 2.00
Cu(CICHCO)a+2H,0 1h 36.26 8 0.49 1.17 2.00
B. lonic Structures
structure av frequency no. NQR largest spectral
compd type? (MHz) signals splitting? width¢ rd
Rb(CICHCO) 33.82 1 0 0 166
K(CICH,COy) 34.11 1 0 0 152
Na(CICHCO,) Vi 34.794 1 0 0 116
Li(CICH,COy) Vi 35.254 1 0 0 90
Ba(CICH,CO,)2°H,0 33.310 2 0.227 0.227 149
C. Soft-Acid or Cl-Coordinated Structures
structure av frequency no. NQR largest spectral
compd type? (MHz) signals splitting? widthe
Ag2(CICH,CO)2 I-Cl 33.671 4 0.128 0.303
Ca(CICHCOy)2°H20 V-CIl 34.58 2 0.38 0.38
Hg(CICH,COy), 36.603 1 0 0
TI(CICH,COy) 33.431 1 0 0
Pb(CICHCOy), 34.514 2 1.272 1.272

a Structure type (see Figure 1) and source of structural information; for literature sources of NQR data see Supporting Informatiof Eaiée t2.
largest separation in MHz between any two signals in NQR spectrum. Splittings greater than 0.8 MHz are showrt Edaltto highest NQR frequency
in spectrum minus lowest frequency (in MHEZ)p = Pauling electronegativity, from Wulfsberg, @Gorganic Chemistry University Science Books:
Sausalito, CA, 2000, Table A, or as calculated from eq 4 and NQR frequency of corresponding alkyl or trimethylsilyl chloride. For correspondaitsjonic
r = cation radius (in pm) from Wulfsherg, @Gorganic ChemistryUniversity Science Books: Sausalito, CA, 2000, Tablé¢ Based on infrared criteria:
Brainina, E M.; Bryukhova, E. V.; Lokshin, B. V.; Alimov, N. SBull. Acad. Sci. USSR, Ri Chem. Sci1973 860-863.1 Source: Kalyanaraman, B.;
Atwood, J. L.; Kispert, L. D.J. Chem. Soc., Chem. Comma®76 715-716.9 Source: Kanters, J. A.; Roelofsen, G.; Feenstréidta Crystallogr., Sect.

B 1976 B32 3331-3333."Based on infrared criteria: Yamada, S.; Nishkawa, H.; Tsuchid&uR. Chem. Soc. JprL.96Q 33, 1278-1284. Shi, Q.; Cao,
R.; Hong, M. C.; Wang, Y. Y.; Shi, Q. Zlransition Met. Chem. (Dordrecht, Netherlan@§01, 26, 657—-661. Source: Elizabgel.; Kariuki, B. M.; Harris,

K. D. M.; Tremayne, M.; Epple, M.; Thomas, J. M. Phys. Chem. B997, 101, 8827-8831.i Source: Ehrenberg, H.; Hasse, B.; Schwarz, K.; Epple, M.
Acta Crystallogr., Sect. B999 B55,517—524.% Source: Epple, M.; Kirschnick, HChem. Ber./Recll997, 130, 291-294.! Source: Karipides, A.; Peiffer,
K. Inorg. Chem.1988 27, 3255-3256.

trichlates (Table 6); this order correlates with the presence nonbasic, noncoordinating anion; in fact the slopes are
of increasing numbers of more electron-withdrawing sub- positive as expected for weakly coordinating anions. There
stituents. is no statistically significant difference in the slopes of the
The anion in this study that is most sensitive to the nature least basic (chloroacetate) and most basic (trichloroacetate)
of the cation or Lewis acid is the most basic one, chloro- ions: whatever difference may be present is smaller than
acetate (Table 3): its average frequencies span 3.546 MHzthe random crystal field effects. Likewise, although there
from 33.310 MHz in B&"(CICH,CO, ), to 36.856 MHz in could in principle be a difference in frequencies depending
the 2,4,6-trichlorophenyl ester. By contrast, the total range on whether the bonding to the metal atom is of type I, I,
for the least basic anion, trichlate (Table 6), is only 1.934 IlIA, or IlIB, the difference (if any) is so small that it is
MHz, from 38.965 MHz for the Cssalt to 40.899 MHz for =~ masked by crystal field effects.
the 2,2,2-trifluoroethyl ester. lonic Salts. In Figure 4 we plot the averag&Cl NQR
Covalent Esters, Acids, and Complexedn Figure 3 we frequencies of the anhydrous group 1 and tetramethylam-
plot the average NQR frequencies of these covalent deriva-monium chloroacetates and chloromethanesulfonates as a
tives as a function of the Pauling electronegativity of the function of the cation radii. The dichloroacetates, trichloro-
Lewis acids; since these solids are not all isomorphous andacetates, and trichlates of these ions cannot be isomorphous,
isostructural, there is scatter in the plots due to crystal field since the number of NQR signals varies in each series;
effects. For esters, group electronegativities of the alkyl, aryl, consequently there is some crystal-field scatter in each plot.
and silyl groups are obtained from the NQR frequency of All group 1 monochloroacetates give one NQR signal each
the corresponding chlorocarbon RCI and silag8iRI using and give a very good correlation in Figure 4, even though
eq 4. In principle the slope would be zero for a totally the Li* and N& salts are not isomorphous or isostructdfal.
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Table 4. Summary of 77 K NQR Parameters (MHz) of Dichloroacetates and Chloromethanesulfonates

A. Covalent Esters, Acids, Complexes

structure av frequency no. NQR largest spectral
compd type? (MHz) signals splitting? widthe xef
Cl,CHCO,CH;s 37.865 6 0.507 1.388 2.44
Cl,CHCO,CeHoCl3 38.477 4 0.489 0.702 2.57
(CsHs)2Zr(Cl,CHCO)2 I+ 11 37.495 4 0.76 1.33 1.33
(CsHs) Hf(CI,CHCO,), I+ 11 37.580 4 0.83 1.33 1.30
Cl,CHCOH 38.393 2 0.828 0.828 2.20
B. lonic Structures
structure av frequency no. NQR largest spectral
compd type? (MHz) signals splitting® widthe rd
Cl,CHCO:Na ~37.0 >12 f 2.075 116
Cl,CHCOK 36.512 2 0.240 0.240 152
Cl,CHCO;Rb 36.400 1 0 0 166
(Cl,CHCOy),Ba 37.039 4 1.275 2.130 149
Cl,CHCON(CHz)4 35.8 8 f 3.135 215
C. Chloromethanesulfonates
structure av frequency no. NQR largest spectral
compd typet (MHz) signals splitting? widthe rd
CICH,SO;Nar1/3H,0 37.060 3 1.120 1.182 116
CICH,SO;Na 37.026 1 0 0 116
CICH,SOK 36.311 3 0.239 0.329 152
CICH,SGO;TI 35.915 1 0 0
CICH,SO:Ag V-Cl9 34.545 1 0 0

aStructure type (see Figure 1) and source of structural information; for literature sources of NQR data see Supporting Informatiof Eainéé .
largest separation in MHz between any two signals in NQR spectrum. Splittings greater than 0.8 MHz are showrt EBdo@lbto highest NQR frequency
in spectrum minus lowest frequency (in MHEZ)p = Pauling electronegativity, from Wulfsberg, @Gorganic Chemistry University Science Books:
Sausalito, CA, 2000, Table A, or as calculated from eq 4 and NQR frequency of corresponding alkyl or trimethylsilyl chloride. For correspondaitsjonic
r = cation radius (in pm) from Wulfsberg, @Gorganic ChemistryUniversity Science Books: Sausalito, CA, 2000, Tabl¢ Based on infrared criteria:
Brainina, E M.; Bryukhova, E. V.; Lokshin, B. V.; Alimov, N. SBull. Acad. Sci. USSR, RiChem. Sci1973 860-863. Not reported 9 Source: Wulfsberg,
G.; Parks, K. D.; Rutherford, R.; Jackson, D.; Jones, F. E.; Derrick, D.; llsley, W.; Strauss, S.; Miller, S.; Anderson, O. P.; Babushkina, T. i, Gushc
S. |.; Kravchenko, E. A.; and Morgunov, V. Gorg. Chem.2002 41, 2032-2040.

Remarkably, the total ranges of average NQR frequenciescomplex type V lattice effects. For computational feasibility,
within the group 1 ionic salts of a given anion (Figure 4) simple monomeric chloroacetates of'LNa", and K" were
are as large as the ranges for the corresponding gredg1  modeled by symmetric type || monomers. To explore the
covalent esters, acids, and complexes (Figure 3). The slopepolarization effect of the metal on the halogerarbon bond
of the correlation for chloroacetate ions;.019+ 0.002) of halogeno-acetates, ab initio calculations were performed
MHz/pm, is slighly steeper than the slope for trichlates, on the CHXCOO—M systems (X= Cl, F and M= K, Na,
(—0.016+ 0.004) MHz/pm. and Li), including the free anions, at the B3LYP/
It may be seen that the trend previously noted by Gdibe 6-311++G(3df,3pd) level of theory using the Gaussian98
holds here: Frequencies drop as the ionic radius of the program packag®. The geometry of each molecule was
counterion increases. This is opposite to the trend observedoptimized at the same level starting with a structure of type
earlier by BrilB® among typical type V ionic salts, Il and imposingCs symmetry. The assumption that the
(M)(MClg?") (M* = group 1 cation or (Ck)4N*). Com- conformations corresponding to the energy minima are
putations by Briff*44and Borcher® suggest that a variety  symmetric was justified with frequency calculations. X-ray
of opposing effects may be involved in that trend, but that diffraction studie¥ also show that the anion adopts the
the dominant effect is due to anieanion repulsions that  symmetric conformation. The topology of the electron
occur when the M cations are too small to keep MZ1 densities was analyzed with the AIMPACK program stite.
anions, which are attracted together by the intervening small
cations in the type V lattice, from compressing and polarizing (46) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
each other. In contrast, the known group 1 chioroacetates Y & Checcepen, s Sz, & onaemeny 3.8,
have type IV layer structures with no intervening cations A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,

attracting the chlorine ends of the anions to each other. Hence \(/:.IEffCOdSSiS’ M(-); %?mnlgl ?-;PM?HHUCCL g-::orxe"ily Clg /-\\(dagog %
. . . 2— Imrorad, S.; Ocnterski, J.; Petersson, . A Ayala, P. Y., Cul, .
the dominant feature in the NQR trend in thewMCIG ) Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;

salts has been removed, leaving the other, opposing features.  Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;

; ; ; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.
We carried out computations to determine whether the L Fox, D. J.: Keith, T.. Al-Laham. M. A.: Peng, C. Y- Nanayakkara,

NQR trends might be reproduced without invoking these A.: Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,

(44) Brill, T. B.; Hugus, Z. Z., Jr.; Schreiner, A. B. Phys. Chem197Q E. S.; Pople, J. A.Gaussian 98 revision Ax; Gaussian, Inc.:
74, 469-475. Brill, T. B.J. Chem. Phys1974 61, 424-425. Pittsburgh, PA, 1998.

(45) Borchers, D.; Schmidt, P. C.; Weiss, A. Naturforsch., A: Phys. (47) Cheeseman, J.; Keith, T. A.; Bader, R. F. AIMPACK Program
Sci. 1988 43, 643-650. Package McMaster University: Hamilton, Ontario, 1992.

Inorganic Chemistry, Vol. 43, No. 6, 2004 2037



Wulfsberg et al.

Table 5. Summary of 77 K NQR Parameters (MHz) of Trichloroacetates

A. Covalent Esters, Acids, Complexes

structure av frequency no. NQR largest spectral
compd type? (MHz) signals splitting? widthe 2p*d
ClsCCO:Si(CHg)s 39.633 3 0.338 0.525 1.76
ClsCCO,CH3 39.918 6 0.280 0.515 244
Cl;CCOCeHs 40.202 6 0.337 0.884 2.46
ClsCCOCeHCl3 40.450 3 0.296 0.572 2,57
Cl;CCOCH.CRs 40.270 9 0.132 0.529 2.57
(CsHs)2Zr(ClsCCOy)2 e 38.86 3 1.17 1.52 1.33
Cu(CkCCQy)2-3H,0 If 39.575 24 0.144 1.557 2.00
Co(CkCCQy)2-4H,0 39.25 6 0.373 1.874 1.88
Ni(CIsCCQy),+4H,0 39.25 6 0.357 1.994 191
Cu(CkCCOy) 40.198 3 0.448 0.528 1.90
Cu(CkCCOy)2 39.765 3 0.301 0.301 2.00
Co(CkECCOy)- 39.146 3 0.224 0.224 1.88
Cl;CCOH e 40.120 3 0.196 0.272 2.20
ClsCCOH-H0 40.058 9 0.338 1.148 2.20
B. lonic Structures
structure av frequency no. NQR largest spectral rd
compd type? (MHz) signals splitting? widthe
MesN(CIsCCOy) 37.673 4 0.118 0.337 215
Cs(CkCCQy)+nH-0 38.111 6 0.463 0.996 181
Rb(CECCOy)-H-0 38.662 14 0.195 1.171 166
(NH4)(CIsCCOy) Ivh 38.785 9 0.388 1.567 151
Na(CkCCG,)-3H,0 38.906 6 0.560 1.400 116
Na(CkCCOy)-CH:OH 38.686 12 0.490 1.722 116
Na(CkCCOy) 38.892 3 0.560 1.120 116
Li(CIsCCOy) 39.648 2 1.067 1.067 90
Li(CI3CCQy)-H20 Vi 38.906 9 0.639 1.474 90
Ba(CkCCOy)2 38.883 6 0.354 1.307 149
Ca(CkCCOy)2-4H,0 39.09 6 0.171 0.596 114
Mg(Cl3CCQ)2:6H,0 39.17 6 0.735 1.269 86
C. Soft-Acid or Cl-Coordinated Structures
structure av frequency no. NQR largest spectral
compd type? (MHz) signals splitting® widthe
Hg(ClkCCQO,)2. THF 39.655 9 0.616 1.351
Ag(ClsCCOy) 39.067 3 1.484 1.834
Hg2(ClsCCOy)2 39.715 6 1.078 1.925

aSource of structural information; for literature sources of NQR data see Supporting Information TaBigU&l to largest separation in MHz between
any two signals in NQR spectrum. Splittings greater than 0.8 MHz are shown inddsdplial to highest NQR frequency in spectrum minus lowest frequency
(in MHz). 9yp = Pauling electronegativity, from Wulfsberg, @Gorganic Chemistry University Science Books: Sausalito, CA, 2000, Table A, or as
calculated from eq 4 and NQR frequency of corresponding alkyl or trimethylsilyl chloride. For corresponding ionic sadtation radius (in pm) from
Waulfsberg, G.Inorganic ChemistryUniversity Science Books: Sausalito, CA, 2000, Tabl€ Based on infrared criteria: Brainina, B.; Bryukhova, E.
V.; Lokshin, B. V.; Alimov, N. S.Bull. Acad. Sci. USSR, Bi Chem. Sci1973 860-863. Source: Kiriyama, H.; Hashimoto, M.; Okuno, Bull. Chem.
Soc. Jpn1987 60, 2983-2988.9 Source: Jonsson, P. G.; Hamilton, W.2Chem. Physl972 56, 4433-4439. Rajagopal, K.; Mostad, A.; Krishnakumar,
R. V.; Nandhini, M. Subha; Natarajan, Scta Crystallogr., Sect. E: Struct. Rep. Onli2@03 E59, 0316-0318." Source: Kiriyama, H.; Doi, T.; Yamagata,
Y. Acta Crystallogr., Sect. @987, C43 1175-1177.1 Source: Tuomi, D. Structure of Crystalline Lithium Trichloroacetate Monohydrate. Ph.D. Dissertation,
Ohio State University, Columbus, OH, 1958issertation Abstr1958 18, 839-843.

Table 7 summarizes the results in terms of theXCbond As expected, the catieranion charge separation increases
distances and bond topological indices; the dengiistr)) in the Li, Na, and K sequence. The-ND distances change
and its Laplacian?p(rscr)), the sum of principal curvatures  from 1.85 to 2.51 A (on average) in the above order. The
of p at the bond critical pointrgcp) WhereVp(r) vanishes. C—Xand C-C bonds are weakened with increasing negative
These parameters provide a topological classification of charge on the anion (and on the halogen atom), while the
atomic interactioné For covalent interactions charge is both  opposite trend is observed for the carbonyl bonds. The data
accumulated (measured pyrescr)) and concentrated (mea- clearly show that the €X bond is the most polarized (as
sured by ¥2o(rscr) along the bond path. The latter is a C**—CI?) in the free anion and is least polarized in the
result of perpendicular contractions pftoward the bond Li* complex.
and yiglds_ a conFinuous _region of space over vyhich the The eigenvalues egeq, and eq of the electric field
Laplacian is negative. In this region the local potential energy gragients at the chiorine atoms in these molecules were also
dominates qverzthe total energy. Thus, highétscp) and calculated, as were the asymmetry paramejers (ecp —
more negativeVZp(rgcp) values indicate greater covalent eq)leq (Table 8). The asymmetry parameters, if zero,
character of a bond. indicate axial symmetry at the chlorine atoms, and these
(48) Bader, R. F. WAtoms in Molecule-A Quantum TheoryOxford computed vglues are quite _Close to _zero. The ”e”‘?' in values
University Press: Oxford, 1990. of eq obtained are consistent with the trend in NQR
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Figure 3. Average®*Cl NQR frequencies of covalent esters, acids, and
complexes of the anions £3SG;~ (indicated with *), CkCCO,~ (indicated
with &), CLbHCCG,™ (indicated withm), and CICHCO;,™ (indicated with 33 : : : : )
4), as a function of the Pauling electronegativity of the nonmetallic element 75 100 125 150 175 200 225

to which the oxygen atom is bonded.

lonic Radius/pm
Figure 4. Average®Cl NQR frequencies of ionic salts of the anions
ClsCSGs™ (indicated with *), CICHCSG;~ (indicated withx), ClsCCO,~
(indicated with a), ClLHCCO,~ (indicated with W), and CICHCO,~

Table 6. Summary of 77 K NQR Parameters (MHz) of
Trichloromethanesulfonates

av frequency no. NQR largest spectral - . - o -
: e b c (indicated with4), as a function of the ShanneiPrewitt ionic radius of
compd (MHz) signals _ splitting® _ width ' the group 1 or (Ch)sN* cation of the salt.

Cs(CkCSQy) 38.965 3 0.246 0.476 181
Rb(CkLCSG;) 39.438 9 0.465 1.602 166 Table 7. Bond Distances, Topological Indicegcr* and VZpgce for
K(Cl3CSQGy)-H0 39.740 4 0.304 0.522 152 the C-X Bonds, Net Anion Charges, and Dipole Moments in
K(CIsCSG) 39.759 4 0.522 0.889 152 CH,XCOO—M Molecules (Units Are Angstroms, Electrons, and
Na(CkCSQy)-H0 39.866 3 0.703 0.767 116 Debyes)
Na(CkCSQ) 40.016 6 0.600 1.886 116 - -
HsO(Cl:CSQy) 40.002 3 0.639  0.677 C—Xbond , anion dipole
HsO(CLCSQ) 40.215 3 0122  0.195 distance  pece  Vipecp  charge  moment
Ag(Cl;CSGy)-H20 39.958 3 0.432 0.710 CH,FCOO
Ba(CkCSQy)p-3H0  40.173 3 0.118  0.294 149 1.4097 1528 —2.856  —1.000 4.30
Ba(CkCSQy), 40.213 3 0219  0.349 149 K 1.3854 1635 —3.040 —0.918 8.57
Cl;CSOCH:CFRs 40.899 3 0.242  0.328 Na 1.3827 1.650 —3.149  —0.629 7.05

aEqual to largest separation in MHz between any two signals in NQR Li 1.3789 1.669 3.260 0.428 479
spectrum? Equal to highest NQR frequency in spectrum minus lowest CH,CICOO
frequency (in MHz)cr = cation radius (in pm) from Waulfsberg, G. 1.8383 1.094 —4.263 —1.000 4.98
Inorganic ChemistryUniversity Science Books: Sausalito, CA, 2000, Table K 1.7958 1.219 —5.807 —0.922 9.06
C. 9Weighted average, taking into account differing signal-to-noise ratios Na 1.7924 1223 —-5.941 —0.621 7.46
and unexpected numbers of signals; where possible, confirmed by studies Li 1.7870 1247 —-6.134 —0.397 5.07

at other temperatures. . . " .
P a pgcpis the density at the bond critical point where all three components

. . . of the spatial derivatives gf vanish. For a covalent bongcpis relatively
frequencies? These values drop in magnitude by 3.46% from large (more charge is accumulated in the bond); for an ionic lpgagis
the Li* to the K" salt. while the NQR frequencies drop by relatively small (less charge is accumulated in the boh&Pegce is the
' . . . Laplacian at the bond critical point. For a covalent bafiggscp is negative
3.24%. Hence complex lattice interactions are not needed(Charge is concentrated along the bond path): for an ionic B@pgce is
to explain the NQR frequency trend among group | chloro- positive (charge is depleted along the bond path).
acetates (and presumably chloromethanesulfonates).

The computations and the NQR data suggest the possibility

that (particularly) the chloroacetate ion is not exactly the

same ion in the different group 1 solid salts. Cesium
chloroacetate is quite difficult to prepare and is unstable in
the solid stat&? decomposing even below room temperature
to give MCI(s) and the polymer polyglycolide, (GEIO,),,5*

(49) We find that the computed egalues are not quite linear in cation
radius, so it it probable that the NQR correlations in Figure 4 should

not be linear either, but should ultimately reach limiting values for
anions with infinitely large cations, e.g., about 30 MHz for chloro-
acetate ion.

(50) Pokorny, JZ. Chem 1975 15, 238-239. Pokorny, JSh. Vys. Sk.
Chem.-Technol. Praze, B: Anorg. Chem. Techh®l2 B14,127—

152.
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Table 8. The Eigenvalues age, eg, and the Asymmetry Parameters 4
n = (e — ew)/eq of the Electric Field Gradient Tensor for the
Chlorine Atoms in CHXCOO—M Molecules

40
eq e e (e — eq)l eqr

anion —3.158 1.542 1.615 0.023

K —3.572 1.757 1.815 0.016 39 |

Na -3.623 1.784 1.838 0.015

Li —3.700 1.829 1.871 0.011

w
(o]
L

which is of interest as a biodegradable polymer for medical
application$? This reaction does not occur in the solid state
for the lithium salt but occurs at progressively lower
temperatures in the heavier solid group 1 salts of the
monohaloacetate ions. This contrasts with the group 1
hexachlorometalates, which decompose to group 1 halides
most readily in the case of lithium salts; such reactions
eliminate many weakly coordinating anions from being useful
counterions for catalyst cations such as zirconocenes. Epple
found a connection between this reaction tendency of 34
chloroacetates and the lattice energies of the group 1 halides

formed>2 Our computations and the NQR data suggest that

the increasing ease of loss of chloride ion from chloroacetate % 0 0 100 150 200 250
with larger group 1 cations may be in part connected with
the mcrea_smg polarlzatlon of the Chloroacet_ate ion to produce Figure 5. Average®*Cl NQR frequencies of ionic and covalent compounds
more partial negative charge on the chlorine atom. of the anions GICSQy~ (indicated with *), CICHCSQs~ (indicated with

; ; x), ClskCCQO,~ (indicated witha), CI,HCCO,™ (indicated withM), and
Effects of Waters of Hydration and of Cation Charge. CICH,CO;™ (indicated withe), as a function of the ShanneiPrewitt ionic

Hydrogen bonding to the oxygen atom could in principle ragius of the element to which the oxygen atom is bonded.
alter the average NQR frequencies of haloacetate ions; the

effects of strong hydrogen bonding to haloacetate ions arecorrelations. All in all, there is little evidence for the charge
marked and have been extensively studfe@omparison of of the cation having much of an effect on the frequency of
the data in Table 2 and the Supporting Information tables the anion, when its radius has been taken into account.
for the corresponding hydrates and anhydrous salts of thesePerhaps this preliminary result reflects the fact that, in a solid
anions show that the NQR frequencies and their averagessalt of a+2 cation, there can only be half as many cations
are little altered by dehydration; the only exception is lithium near the oxygen atoms of the anion as in a solid salt of a
trichloroacetate, the monohydrate of which may have an similar +1 cation.

anomalous type V structuf@ Evidently, the effects of weak For many lighter and earlier elements, approximately the
hydrogen bonding three bonds removed from the carbon same average frequency is predicted by the covalent model
chlorine bond do not stand out above crystal field effects. of Figure 3 and the ionic model of Figure 4: i.e., if we use
NQR data for trichloroacetates is available often only for Figure 4 and the ionic radius of Zr(86 pm), we predict an
hydrated salts, which are also included in Figure 4. average NQR frequency for a noncoordinated zirconocene

There are now data on several salts involving nonhydrated chloroacetate (€4s),Zr>*(OOCCHCI™), of about 35.15
or partially hydrated group 2 cations, which allows us to MHz, which is not significantly different from the average
make a preliminary assessment of the effect of cation chargefrequency found for covalent zirconocene chloroacetate,
on the NQR frequency of an anion. In Figure 5 we add data 35.045 MHz. Likewise, we can plot the data for estegs R
for B2t and C&" salts to the graph and correlations of EOOCCC4 versus the ionic radii of € and St* (30 and
Figure 4. The four B salts shown at = 149 pm fallat 54 pm, respectively) along with the data for genuinely ionic
+0.6, +0.3, +0.6, and —0.6 MHz from the respective Chloroacetates in Figure 5 and still keep virtually the same
original correlations; the two Ga salts shown at = 114 linear plots as in Figure 4; the slopes in Figure 5 confirm
pm fall at—0.04 and—0.2 MHz from the respective original ~ that chloroacetate ion (slope 6f0.0200+ 0.0024 MHz/
pm; trichlate slope-0.0111+ 0.0027 MHz/pm; other ions
(51) Herzberg, O.; Epple, MEur. J. Inorg. Chem2001, 1395-1406. similar to trichlate) is the most affected by changing its
(52) Epple, M.; Herzberg, Ql. Mater. Chem1997 7, 1037-1042. counterion or associated Lewis acid. There is no discontinuity
(53) k?gé’gbl'g" |\L,| JC';F,E)'gg%hke"mp'égﬂégaf‘o%al'z'?gffm'\%E'; Schwarz, i this plot of NQR frequencies versus radius that can be
(54) For example: Lynch, R. J.; Waddington, T. C.; O'Shea, T. A.; Smith, taken as evidence for an abrupt change in character of the
%agjciéi'k-’ Sr?n-lmse?‘%ﬁo'?;if‘w Efagshoﬁzeﬁwza éﬁi‘nﬁlgﬁ‘y)g, bonding to the chloro anion as it moves from a layer ionic
Lett. 1977 45, 208-210. Markworth, A.: Paulus, H.- Weiden, N.;  Structure to a covalent structure. But it is possible that the
Weiss, A.Z. Phys. Chem. (Munict)991, 173 1-19. absence of a discontinuity is fortuitous.
(55) Tuomi, D. Structure of Crystalline Lithium Trichloroacetate Mono- Since the ionic radii of the group 1 elements vary strongly

hydrate. Ph.D. Dissertation, Ohio State University, Columbus, OH : . X -
1958; Dissertation Abstr1958 18, 839-843. while their Pauling electronegativities scarcely vary at all,

NQR Frequency/MHz
w
~

w
o
L

35 1

lonic Radius/pm
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it follows that the NQR frequencies of type IV ionic and chlorocarbon is strongly suggestive of the presence of
type | covalent salts of these anions cannot share the samerganochlorine-metal coordination involving the lower-
linear relationship to Pauling electronegativities of the cation frequency chlorine atom($J.In all of the NQR spectra
elements. Hence a general linear relationship of NQR summarized in this study (Tables-8), there are well over
frequencies to Pauling electronegativities, analogous to that200 different frequency splittings. Only nine of these largest
of eq 4, has not been found. splittings (shown in bold in Tables-%) exceed 0.8 MHz;
Trichlic acid dihydrate has an anomalously low average they range from 0.83 MHz in dichloroacetic acid and
NQR frequency, lower than that of the dimeric covalent hafnocene dichloroacetate to 1.484 MHz in silver trichlo-
trichloroacetic acid; its average frequency overlaps those of roacetate. These large splittings could signify the presence
the ionic trichlates (see next section). The tetra-, di-, and of metal-chlorine coordination of some of the otherwise
monohydrates of triflic acid are known to have ionic equivalent chlorines. It is tempting to explain the large
structures (i.e., to be hydronium triflat€$)ve propose that  splittings by invoking coordination of the relatively soft
dihydrated and monohydrated trichlic acid are als@®# chlorine to the soft acids Ag Hg,*", and PB" found in
and HO™ salts of the trichlate ion. This result fits the status three of these salts. Large splittings are also found in a few
of trichlic acid as a strong acid: Its hydrates appear to be salts and complexes of the hard acids$,LNa", H*, B&*,
completely ionized, even in the solid state. (CsHs)2Zr?t, and (GHs).Hf?". Such hard acidsoft base
NQR Crystal Field Effects:32 Spectral Widths and interactions are found in calcium chloroacetate monohy-
Frequency Splittings. The NQR spectral width for chemi- ~ draté? and in two recently reported complexes of dihaloal-
cally equivalent but crystallographically inequivalent chlorine kanes with [Cs(tetrabenzo-24-crown-8jf But the large
atoms may be up to about 0.8 MH#1% of the average)  splittings could alternately be due to some other chemical
in organic halogen compounds. The average nonzero spectraflifierence: for example, the presence of both free and
widths found among the esters and acids in TabteS 8re coordinated anions in the same structure. And in view of
the least in chloroacetates (average 0.3 MHz), still less thanthe large spectral widths found in ionic compounds, it is
0.8 MHz in trichloroacetates (average 0.6 MHz), but are clearly notimpossible for only two crystallographic sites with
decidedly larger in dichloroacetates (average 1.0 M#z). Very different crystal field effects to be occupied, resulting
Crystal field effects are compounded in ionic compounds, in a large NQR frequency splitting which does not signify
since charged ions have greater effects on their neighbor’sany chemical differences between the two chlorines.
electronic environment than do molecules. We note, in this  One test of the chemical significance of these large
small sample, the average nonzero spectral widths are abousplittings over 0.8 MHz is to recompute the average NQR
twice as large in ionic salts and complexes: averages arefrequency of the salt omitting the split-off NQR signal, then
0.8 MHz in chloroacetates, chloromethanesulfonates, anddetermine whether the adjusted average gives a better or
trichloromethanesulfonates, 1.2 MHz in trichloroacetaes, andworse fit to the correlations of Figure 4. In all seven cases
1.7 MHz in dichloroacetates (spectral widths of up to 3.135 in which we can clearly apply this criterion (lead chloroac-
MHz were noted by Guil#® among dichloroacetates). The etate, barium and hafnocene dichloroacetates, sodium chlo-
large spectral widths of these chlorinated organic salts andromethanesulfonat#;H0, lithium, silver, and zirconocene
complexes do not seem to produce significant distortions in trichloroacetates), worse fits result. This result is not
the averaged NQR frequencies for these compounds, whichconclusive, but it tends to suggest that the splittings in these
fall reasonably close to the trends of Figuress¥8 Eighteen ~ ionic compounds and complexes, even the 1.484 MHz
of the 30 complexes and salts with spectral widths from 0.8 splitting in Ag(CkCCG;), may not signify any chemical
to 2.0 MHz have from 6 to 24 NQR signals each, so that in differences, but may only be manifestations of the large
the majority of cases, the large spectral widths do not result spectral widths due to large crystal field effects that can be
in unusually large frequency splittings between adjacent found in ionic compounds and their metal complexes. This
signals. is verified in the case of sodium chloromethanesulfonate
In covalent chlorinated organic compounds, any frequency /sHz0 by remeasuring the NQR frequency after dehydration
difference (“splitting”) of two adjacent chlorine NQR signals  (Table 4): The large splitting disappears, but the average
that exceeds about 0.8 MHz may signify a chemical NQR frequency is virtually unchanged. Hence, when chlo-
difference between the two chlorines: for example, in neutral finated organic ions (rather than molecules) show large NQR
chlorocarbon complexes of metals, a splitting of over 0.8 frequency splittings of 0:81.4 MHz, it will be desirable to
MHz between two chlorines that are equivalent in the neutral Use other means (such as X-ray crystallography or measure-

(59) Richardson, M.; Zaghonni, S.; Wulfsberg, G.; Shadid, K.; Gagliardi,

(56) Lundgren, J.-OActa Crystallogr., Sect. B978 B34, 2428-2431. J.; McCorkle, D.; Farris, B.Inorg. Chem.1993 32, 1913-19.
Delaplaine, R. G.; Lundgren, J.-O.; OlovssonAtta Crystallogr., Woulfsberg, G.; Jackson, D.; lisley, W.; Dou, S.-q.; Weiss, A.;
Sect. B1975 B31, 2202-2207. Spenser, J. B.; Lundgren, J.Azta Gagliardi, J., JrZ. Naturforsch.1992 473 75-84. Wulfsberg, G.;
Crystallogr., Sect. BL973 B29, 1923-1928. Yanisch, J.; Meyer, R.; Bowers, J.; Essig, Morg. Chem1984 23,

(57) An anomalous spectral width of almost 1.8 MHz in@COOC(CH)3 715-9. Meyer, R.; Gagliardi, J., Jr.; Wulfsberg, G. Mol. Struct.
has been attributed to interactions caused by the hitigtyl group: 1983 111, 311-6. Wulfsberg, G.; West, R.; Rao, V. N. M.
Hashimoto, M.; Watanabe, M.; Takada, Bl. Magn. Reson1979 Organomet. Chenil975 86, 303—-19.

34, 553-558. (60) Levitskaia, T. G.; Bryan, J. C.; Sachleben, R. A.; Lamb, J. D.; Moyer,

(58) Semin, G. K.; Babushkina, T. A.; Yakobson, G. Iuclear Quad- B. A. J. Am. Chem. Soc200Q 122 554-562. Bryan, J. C,;
rupole Resonance In Chemistiwiley: New York, 1975; pp 315, Kavallieratos, K.; Sachleben, R. Anorg. Chem.200Q 39, 1568~
317, 337, 332. 1572.
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ment of the NQR asymmetry parametéifp confirm that These effects are apparently minimized in trichlates, which
metal-chlorine coordination is involved. are much more stable to heat than chloroacetates.

3. For a common cation and lattice type, the order of
average NQR frequencies is (unsurprisingly) chloroacetate

1. In this study we have compared a series of weakly basic, < dichloroacetate- chloromethanesulfonate trichloroac-
weakly coordinating anions, ranging from the feebly basic etate< trichloromethanesulfonate (trichlate). However, di-
chloroacetate iori, = 7.4 x 10~*?) to the virtually nonbasic  hydrated trichlic acid deviates from this pattern, falling below
trichlate ion Ky, = 7.2 x 107%7), and have paired them with  trichloroacetic acid. This suggests a structural difference:
a series of Lewis acids and cations, ranging from the trichloroacetic acid is a weak acid that has a dimeric (type
nonacidic (CH):N * to the very strongly acidic £&* (which 1) structure, while trichlic acid dihydrate is a strong acid,
in fact forms covalent esters with all of these anions). Even fully ionized as dihydronium trichlate. (The monohydrate is
though the chlorine atoms in chloroacetates and chlo- probably hydronium trichlate.)
romethanesulfo_nate; are ge_nerally qL_Jite far_ away from the 4 Although quite large spectral widths (up te-2 MHz)
cations or Lewis acids (which associate with the oxygen can pe found in ionic salts with many crystallographically
atoms),*CI NQR is able to show differences in interactions jnequivalent but chemically equivalent chlorines, these large
in the solid state; the average frequencies increase withyigths do not seem to distort the average frequencies of these
increasing electronegativity and decreasing radius of the saits which fit the observed correlations of Figuresavell,
acceptor atom (cation). The total range of average frequencie§gnic salts also can show unusually large (0185 MHz)
among chloroacetates is found to be 3.546 MHz; for the less gjittings of adjacent NQR frequencies, but these large
polarizable, more weakly coordinating trichlates the total splittings do not necessarily indicate that the chlorines
range is only 1.934 MHz. Although none of the anions are j4,0lved are chemically inequivalent.
noncoordinating, the trichlate ion is closest to this ideal.

2. The average NQR frequencies of ionic chloro anions  Acknowledgment. G.P.W. would like gratefully to
are very sensitive to the radius of the cation (but not its acknowledge the financial support of the Middle Tennessee
charge or degree of hydration). The NQR frequencies of the State University Committee for Faculty Research and the
type IV layer ionic salts in this study increase with decreasing MTSU Foundation Special Projects Committee. We are
radius, while those of type V “normal” ionic salts studied indebted to Martin Stewart for assistance with the Karl
earlier decrease with decreasing radius. Computations onFischer titrations, and Celeste Mathews for measuring the
model monomeric haloacetates"(KCH,COO") (M = Li, TGA spectrum. M.C. would like to thank the MTSU Basic
Na, K; X = F, Cl) exhibit more polarized €Cl bonds and  and Applied Sciences Undergraduate Research Council for
electric field gradients of smaller magnitudes with larger the award of a scholarship.
cations. These calculations could explain the observed trend
in NQR frequencies without having to invoke solid-state quporting_lnformati_on Avail_abl_e: Ao_lditional tables, synthe.tic
lattice effects and may partly explain the trends observed details, and figure. This material is available free of charge via the
by Epplé® for the heavier group 1 monochloroacetates to "Mt€"Met at http://pubs.acs.org.
decompose more readily to chlorides and poly(glycolide). 1C020727J
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