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Existence of the Halocarbonyl and Trifluoromethyl Cations in the Condensed Phase
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Experimental and theoretical studies show that neitheff @Br FCO™ can be stabilized in the condensed phase

with presently known Lewis acids. In the case of CIC@tabilization with SbF~ was also not possible, but

ShsF15 possesses sufficient acidity to abstract a fluoride ion from CIFCO in the formation of @&Bis~. This

salt was fully characterized, providing the first well-established proof for the existence of a halocarbonyl cation
in the condensed phase. Theoretical calculations and thermochemical cycles were used to corroborate our
experimental findings, demonstrating that is possible to predict correctly whether a molecule with three different
donor sites, such as CIFCO, will form an oxygen-coordinated deacceptor adduct or undergo either br

Cl~ abstraction. Furthermore, a method is described for extending natural bond orbital (NBO) analyses to systems
containing two different types of competing,m)(back-donating ligands.

Introduction

Carbocations play an important role as reactive intermediates

in organic synthesi%:? In tricoordinate carbenium ions, the

carbon center is usually stabilized by back-donation of a free

valence electron pair from a ligand X, which in a simple valence
bond description shifts some of the formal positive charge from
carbon to the ligand. With increasing electronegativity, however,
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the ligand increasingly resists this electron tranf@onse-
quently, it is not surprising that condensed phasg'G§ still
unknown, although the free cation is vibrationally statdad

(+) — (+)

)
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The free FCO cation is also vibrationally stable and has
previously been characterized by microwave spectroscopy in a
liguid nitrogen cooled, negative glow dischargEurthermore,

its heavier halogen analogues, CIC®BrCO", and ICO", have
been observed in SGIF solution by3C NMR spectroscopy,
but attempts have failed to detect F€@sing similar ap-
proaches. Very recently, however, a mindfC NMR signal,
observed at-78 °C in the protolytic ionization otert-butyl
fluoroformate with a 5-fold excess of FE/'SbF, was at-
tributed to FCO.° It was suggested to have been formed by
dehydration of protonated fluoroformic acid (eq 1), whose

has been observed by electron impact studies in the gas phaseformation was firmly established b3#C, 'H, and 1% NMR

whereas the heavier halogen analogues, i.e.3'CCBr;™, and
Cls*, have been characterized in solution by NMR spectros-

copy®

A closely related and challenging problem is the condensed

state preparation of FCO In this cation, two of the fluorine

ligands have been replaced by an oxygen atom, which although

highly electronegative, should be a betterrpback-donor
than fluorine, as shown by the following valence bond struc-
tures.
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Since the reportéd experimental evidence for the existence
of FCO' and CICO in the condensed state rested exclusively
on the observation offC NMR signals in the vicinity of the
predicted shift ranges, and®0O and C}CO are well-known to
form the stable oxygen-bridged, doracceptor adducts
F,CO-AsFs, F,CO-SbFs,1% and CCO-AICI 3, it was important

to reexamine the experimental evidence for the existence of
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FCO" and CICO in the condensed phase. Furthermore, it was pattern characteristic of thes-ShsF16~ anion (-141.1,—127.8,—112.4,
interesting to explore under which conditions the oxygen-bridged —108.3,—89.7)8 and the relative intensities of 2.5:1.8:7.5:2.2:2. The
donor-acceptor adducts and the ionic halocarbony! salts can *F NMR spectrum also showed two doublets, a more intense one at
be formed and to evaluate the relative contributions of the halo- ~109-6 and a less intense one-at05.2 ppm, which are characteristic
gens and oxygen to the electron back-donation in the corre- of the four equivalent fluorine atoms in the 1:1 complexes, CIFCO

. . . . .~ Sbk and SQCIF-SbFs, respectively (literature values:110.0 and
sponding carbocations. Another point of interest was the relative —; 54 ppm, respectivelys. The quintet resonances, expected for the

don(?r str'ength Of. fluorine, chloring, and oxygen toward strong single axial fluorine atoms of these compounds, were not observed.
Lewis acids. Partial results from this study have been presentedrhe 19 resonance, due to the fluorine atom of the CIFCO part of the

at two meetingd? and a full account is given in this paper. CIFCO-SbR; adduct, was observed at 74 ppm. The value of 59.9 ppm,
- : previously reported for this resonance, is incorrect and is due to free
Experimental Section CIFCO20

Materials and Apparatus. Commercially available phosgene (Mathe- Protolytic lonization of tert-Butyl Fluoroformate. tert-Butyl
son), ECO (PCR Research Chemicals), Asfand Sbk (Ozark fluoroformate was added at196 °C to a frozen, 1 molar solution of
Mahoning) were purified by fractional condensation prior to use. g 5.fold excess of FS®I/SbR; (1/1 mole ratio) in SGCIF and warmed
Literature methods were used for the syntheses of CIFGLLCO- to —78 °C. After the NMR spectra of the intensely yellow solution
SbF;,'* andtert-butyl fluoroformate'® were recorded at-78 °C, the sample was allowed to warm to room
Volatile materials were handled in a stainless steel vacuum line temperature for about 10 min, and the spectra were rerecorde@iéat
equipped _With Teflon-FEP U-traps, stainless steel be_IIows-seaI valves,°C. No signs for either decomposition or any other changes were
and a Heise Bourdon tube-type pressure gabige line and other  gpserved. The spectra exhibited only the previously reported resonances
hardware were passivated with Giind HF. Nonvolatile materials were  gue to protonated fluoroformic acid and ttest-butyl cation? except
handled in the dry nitrogen atmosphere of a glovebox. for the missing minor doublet signal &t117.5 in the'3C spectrum.
Vibrational Spectra. Raman spectra were recorded on a Cary Model  computational Methods. Vibrational spectra for FCOand CICO,
83GT with the 488 nm exciting line of a Lexel model 95 Ar-ion laser,  as well as the isoelectronic and well-known species FCN and CICN,
using sealed glass tubes as sample containers. A previously describegyere computed using the single- and double-excitation coupled-cluster
devicé” was used for recording the low-temperature spectra. Infrared method! with a noniterative treatment of connected triple excitations,
spectra were recorded in the range of 46800 cn* on a Midac model denoted CCSD(T3in 6-311G(2d) atomic basis setdAt the CCSD-
M FTIR spectrometer. For the low-temperature spectra, the cold sample(T) geometries, isotropic nuclear magnetic resonance shieldings were
was placed inside the glovebox between cold AgCl windows, which computed using the GIAO-MBPT(2) approaéhyhich employs the
were mounted in a liquid Ncooled copper block, mated with an O-ring  gauge-including atomic orbital (GIAO) solution to the gauge-invariance
flange to an evacuable glass cell with outer Csl windows. problent® and density matrixes obtained from second-order many-body
Nuclear Magnetic Resonance Spectroscopythe NMR spectra perturbation theory [MBPT(2)]. The ACES Il program systéfran
were recorded on a Varian Unity 300 MHz NMR spectrometer equipped |BM RS/6000 work stations were used for these calculations.
with a 5 mmvariable-temperature broad band probe. Sealed capillaries, Natural bond orbital (NBO) analys€f the one-electron density

which were filled with acetones as lock substance, TMS &3C matrixes obtained from single- and double-excitation quadratic config-
reference, and CFEbr GHsCFs; as'%F reference, were placed inside  yration-interaction (QCISD) calculatiotsvere carried out for FCO
the NMR tubes. and CICO, as well as for a series of benchmark compounds that in-

Preparation of [CICO][Sb3F1¢]. On the vacuum line, CIFCO (3.2 cluded FCN, CICN, CF, CCk*, BF;, and BC}. In this approach, the
mmol) was condensed at196 °C into a 3/4 in. o.d. Teflon-FEP  molecular wave function is decomposed through a set of natural bond
ampule, which was closed by a steel valve and contained a weighedorbitals into localized bonding, antibonding, and lone-pair units. These
amount (9.5 mmol) of Shfdissolved in 4 mL of SECIF. The reaction computations were carried out using the Gaussian 94 program syfstem.
mixture was stirred with a Teflon-coated magnetic stirring bar for 1 h Constrained geometry optimizations of SbF CIFCO and SkFis
at —78 °C. After the clear colorless solution was warned-t64 °C + CIFCO were performed using density functional methods. The
(CHClI; slush bath), the gas phase above the liquid did not contain any
CIFCO and ECO, as shown by infrared spectroscopy. The solventwas (19) Bacon, J.; Dean, P. A. W.; Gillespie, R.CJan. J. Chem1971, 49,

pumped off overnight at-64 °C. The resulting white powder consisted (20) %szcigumburg KJ. Magn, Resanl972 7, 177
of [CICO][SbsF¢] (2.323 g, 3.15 mmol). (21) Purvis, G. D., Ill; Bartlett, R. JJ. Chem. Phys1982 76, 1910.

NMR Spectroscopic Characterization of [CICO][cis-ShsF1¢]. A (22) Raghavachari, K. Trucks, G. W.; Pople, J. A.; Head-GordorCihvém.
solution of CIFCO and 3 equiv of Sk SO,CIF at —60 °C showed Phys. Lett 1989 157, 479.
only the previously reportéd*C NMR signal (singlet at 134 ppm) for (23) Frisch, M. J.; Pople, J. A.; Binkley, J. $. Chem. Phys1984 80,
the CICO cation. The'®F NMR spectrum exhibited broad multipets 3265.

(24) Gauss, JChem. Phys. Lett992 191, 614.

in the Sb-F region from—90 to —140 ppm, characteristic faris- (25) Ditchfield. R.Mol. Phys 1974 27, 789
— 18 y M . , .
Sk ! . . . (26) Stanton, J. F.; Gauss, J.; Watts, J. D.; Nooijen, M.; Oliphant, N.; Perera,
Under similar conditions, a 1:2 mixture of CIFCO and $bésulted S. A; Szalay, P. G.; Lauderdale, W. J.; Gwaltney, S. R.; Beck, S.;
in two *C NMR signals: a doublet at 164 ppriJ(CF) 383 Hz) for Balkova, a.; Bernholdt, D. E.; Baeck, K.-K.; Rozyczko, P.; Sekino,
the CIFCO-SbR adduct* and a singlet at 134 ppm for the CICO H.; Hober, C.; Bartlett, R. J. ACES Il, Quantum Theory Project;

University of Florida, Gainesville, FL, 1992. Integral packages included
are VMOL (Almlof, J., Taylor, P. R.), BPROPS (Taylor, P. R.), and
ABACUS (Helgaker, T., Jensen, H. J. Aa., Jorgensen, P., Olsen, J.,
Taylor, P. R.).
(12) (a) Christe, K. O.; Hoge, B.; Sheehy, J.; Wilson, W.; Zhang, Xs™NF (27) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 1899.

and Carbocation Chemistry. Paper 036 presented in the Division of (28) Pople, J. A.; Head-Gordon, M.; Raghavachari) KChem. Physl1987,

cation. The correspondinfF NMR spectrum showed sharp signals
(—141.0,-127.7,—112.2,—108.3, and-89.5 ppm) with the coupling

Fluorine Chemistry at the 216th ACS National Meeting, Boston, MA, 87, 5968.

August 23-27, 1998. (b) Hoge, B.; Sheehy, J. A.; Prakash, G. K. S.; (29) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.,

Olah, G. A.; Christe, K. O. On the Existence of the Halocarbonyl Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson,

Cations. Paper B39 presented at the 12th European Symposium on G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A,

Fluorine Chemistry, Berlin, Germany, August-28eptember 2, 1998. Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.;
(13) Hoge, B.; Boatz, J. A.; Christe, K. @norg. Chem in press. Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.;
(14) Hoge, B.; Christe, K. QJ. Fluor. Chem 1999 94, 107. Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S;
(15) Wackerle, L.; Ugi, 1.Synthesis975 598. Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.;
(16) Christe, K. O.; Wilson, R. D.; Schack, C.ldorg. Synth1986 24, 3. Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J.
(17) Miller, F. A.; Harney, B. M.Appl. Spectroscl969 23, 8. A. Gaussian 94Revision E. 2; Gaussian, Inc.: Pittsburgh, PA, 1995.
(18) Bacon, J.; Dean, P. A. W.,; Gillespie, R.Can. J. Chem197Q 48, (b) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weinhold, F.

3413. NBO, Version 3.1; University of Wisconsin: Madison, WI, 1987.
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B3LYP hybrid functional® and the Stevens, Basch, Krauss, Jasien, and no polyantimonates, containing more than three antimony atoms,
Cundari effective core potentials and the corresponding valence were observed.
doublet basis sefd were used. The basis set was augmented with a  These results demonstrate that neither monomerig BoF
diffuse stp shelf® and a single Cartesian d polarization function on 41y Ask molecules are sufficiently acidic to abstract a fluoride
each aton¥ These calculatlons, hert_eafger denoted as B3LYP/SRK ion from CIFCO, and that at least three ShFolecules are
were also performed using Gaussian®4. . . . e
required to accomplish this task. For acidities lower than that

Results and Discussion of (SbRs)s, O-coordinated, doneracceptor adducts are formed.

Since the above findings for the,EO/MFs systems could
not be reconciled with the previous cldirior the existence of
FCO" under essentially identical conditions, i.e., &0F
solutions at subambient temperature with §bRSbF; as a
counterion, the previously publishedrotolytic ionization of
tert-butyl fluoroformate with a 5-fold excess of FG/SbFs
was repeated. In several attempts by different coauthors of this
elsewheré? On thermal decomposition of the solid,ClO-SbF; foa%%glyffotlll\élFﬁlgltggzl,rgz?g(ri\lljecigj[ ﬁ-lhzrse?ggﬁ?]i agtrg?l?;ig

addu_ct or in SECIF solution at—78 °C, a quantitative clain for the observation of FCOin the condensed phase may
chlorine-fluorine exchange of one of the two chlorine ligands be incorrect, while thétfor CICO" is confirmed by both NMR
of Cl,CO was observed (eq 3). and vibrational spectroscopy (see below). It should be noted
that thel3C NMR shift (117.5 ppm) and coupling constad £
= 322 Hz), previously attributéddo FCO", are very close to
those measured for CFQl 117.8 andlcr=335Hzasa3 M
solution in CQCOCD;), which might have been formed
accidentally as a byproduct in the original experiment or may
have leaked from a capillary used as a standard folPth&BIMR
spectra.

. Properties of CICO"SksF16™. The CICO'ShsF16~ salt is a
FLCO+ MFs = F,LOMFS “) white solid which is thermally stable up to abouf.0 °C and
decomposes to give CIFCO, Shiand some ¥O and SbECI
resulting from a chlorinefluorine exchange between CIFCO
and Sbk. This competing halogen exchange reaction prevented
the determination of a reliable heat of dissociation from an
Arrhenius plot of the vapor pressuréemperature data. The
identity of the anion asis-ShsF15~ 18 was established by its
low-temperaturéF NMR spectrum in SECIF solution (see
Experimental Section). The CICCration was identified by its
CIFCO+ MF, — CIFCO-MF, (M = As, Sh) (5) :)3ecl:0l;lvl\)/lR signal of 134 pprhand vibrational spectroscopy (see

With a 2-fold excess of ShEhowever, CIFCO forms in S© Vibrational Spectra. Infrared and Raman spectra are ideally

CIE solution the ionic CICOShE:« salt (eq 6 bserved suited to distinguish between ionic salts and covalent q‘enor
soution the foni tFae” salt (eq 6), as observ acceptor adduct® As can be seen from eq 7, the formation of

ClI,CO/MFs (M = As, Sbh) Systems.By analogy with
AICl 3,1t the pnicogen pentafluorides, As&ndSbk, form with
Cl,CO exclusively, O-coordinated, 1:1 doncceptor adducts
(eq 2). A detailed investigation of these adducts is given

Cl,CO + MF, — CLLCO-MF, (M = As, Sb) (2)

Cl,CO-SbF, — CIFCO+ SbFCI 3)

F,CO/MFs (M = As, Sh) SystemsBy analogy with C}CO
and in accord with a previous repdftF,CO and SbEor AsF;
form exclusively O-coordinated, doneacceptor adducts (eq
4)13

There was no evidence for the formation of ionic FC&alts,
either at low temperature in SOIF solution or when a large
excess of Sbfwas used either as a solvent for the enhancement
of the Lewis acidity or as a matrix.

CIFCO/MF s (M = As, Sb) SystemsWith AsFs at any mole
ratio or Sbk at a 1:1 mole ratio, CIFCO forms exclusively,
O-coordinated, 1:1 doneracceptor adducts (eq 5.

earlier®
_ +)
CIFCO+ 3Sbk, — CICO*SIQ;F16 (6) N
=
,C—0 |- - -MFs .
With a smaller excess of Spfboth the CICOSksF16~ salt and <’Sr T [(/X)=c=o\]+
the CIFCOSbks adduct were observed in the low-temperature v = -~
NMR spectra of the SELIF solutions. However, when these PR t
solutions were pumped to dryness-&20 °C, the solid residue /—)| --MFs vps NN  *MFs [ ) \]" i (D
consisted exclusively of CICCBhsFis-, and the observed — x—¢ — =9 |X—Cc=g| MFs
material balance corresponded to the uptake of 1 mol of CIFCO  /xy 4 t
per 3 mol of Sbk. When a larger than 2-fold excess of SbF J o
was used in these reactions, the extra SlofFmed with the PN [li—chl]
SO,CIF solvent the well-know#$34 SO,CIF-SbF; adduct, and \X\C S |-- M -
/.= ’
(30) Becke, A. D.J. Chem. PhysL993 98, 5648. XA 0

(31) (a) Melius, C. F.; Goddard, W. &hys. Re. A 1974 10, 1528. (b)

Kahn, L. R.; Baybutt, P.; Truhlar, D. Gl. Chem. Phys197§ 65, a halocarbonyl cation from the corresponding carbonyl dihalide
3826. (c) Krauss, M.; Stevens, W.Annu. Re. Phys. Chem1985 . .
35, 357. (d) Stevens, W. J.; Basch, H.; Krauss, MChem. Phys results in a strengthening of both the-O and the G-X bonds

1984 81, 6026. (e) Stevens, W. J.; Basch, H.; Krauss, M.; Jasien, P. due to increased bond orders caused by electron back-donation
Can. J. Chem1992 70, 612. (f) Cundari, T. R.; Stevens, W. J. from the ligands to the carbocation center, resulting in shifts to

Chem. Phys1993 98, 5555. . . " )
(32) The diffuse $ p function exponents used for Sb, Cl, F, O, and C were higher frequencies. In addition, the number of normal modes is

0.0259, 0.0483, 0.1076, 0.0845, and 0.0438, respectively.
(33) The d function exponents used for Sb and Cl were 0.211 and 0.75, (35) Lindquist, I. Inorganic Adduct Molecules of Oxo-Compounégor-

respectively. An exponent of 0.8 was used for F, O, and C. ganische und Allgemeine Chemie in Einzeldarstellunggecke-
(34) Dean, P. A. W,; Gillespie, R. J. Am. Chem. Sod 969 91, 7260. Goehring, M., Ed.; Academic Press Inc.: New York, 1963; Band IV.
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reduced from 6 in XCO to three in XCO. On the other hand,

for the O-coordinated, doneiacceptor adducts the bond order

of the C-0O bond is decreased, while that of the-& bonds is
increased. Furthermore, due to the additional bridge modes, the
number of normal modes of the adduct is larger than the sum
of the modes of the separate donor and acceptor molecules. The
carbonyl stretching mode, which in CIFCO occurs at about 1868
cm~136is well separated from the other modes and, therefore,
is ideally suited to distinguish the CICOcation from an
O-coordinated, donefracceptor adduct.

The observed low-temperature infrared and Raman spectra
of CICO" in CICO*'SksFis~ are summarized in Table 1. As
can be seen, the carbonyl stretching mode of Cl@Oshifted
by +388 cn1? relative to CIFCG® and by+592 cnt? relative
to the CIFCG-Sbk donor-acceptor adduct, which has a
carbonyl stretching frequency of 1664 chi® This huge
frequency increase firmly establishes the presence of the CICO
cation. Of the remaining two normal modes of CICQinear
Cwy CICO has two} stretching modes and one bending
mode), the C-ClI stretching mode was observed at 803 ¢m
whereas the bending mode is predicted by ab initio calculations
(see below) and by comparison with the isoelectronic CICN
moleculé” to fall within the range of the anion modes and to
have very low Raman intensity and so it could not be located
with confidence. Based on a private communication from
Bernhardt, Willner and Aubke, who independently studied the
vibrational spectra of CICQ the deformation mode is observed
in the infrared spectrum at 468 cfh

Compared to CIFC® the C-ClI stretching frequency of
CICO" has also increased, as predicted above, although only
by 27 cntl. The dramatic difference between the frequency
increases of the €0 and the C-ClI stretching modes demon-
strates that the electron back-donation to the carbocation center
in CICO?" involves mainly the oxygen atom and implies a
dominant contribution from thg X—C=0O|]* resonance struc-
ture of eq 7. The triple bond character of the-QG bond in
CICO" is also supported by the fact that its-O stretching
frequency of 2256 crt is higher than that of CO (2143 c$38
and that of the €N bond in isoelectronic CICN (2216 cri,%’
both of which undoubtedly possess well-defined triple bonds.

Further support for the presence of the ClC€ation comes
from the chlorine isotopic shift observed for the-Cl stretching
mode. Chlorine has two naturally occurring isotop¥€) and
37Cl, with an abundance of 75.4 and 24.6%, respectively. The
isotopic shift of about 9 cmt, observed fow; of CICO™ is in
good agreement with the calculated value (see below) of 9.9
cm~1and that of 8 cm! observed for the €CI stretching mode
in isoelectronic CICNY

In addition to the two stretching modes of CICOthe
combination band,co + vcc)(Y), was also observed in the
infrared spectrum at 3056.1 ¢t (2256 + 802.5= 3058.5
cm ). It exhibits a35Cl—37Cl isotopic splitting of 9.1 cm?,
very similar to that observed for the—Cl stretching mode,
thereby clearly identifying this band as the combination band
(v1 + v3) of CICO" and confirming the assignment of the 802.5
cm! band to the &CI stretching mode of CICQ

2242
382

CCSD/cc-pVD2
w

CICN
2220(19)
375(4)
714(7)
1.657
1.165

ccsD(TY
w

2256.7
475.4
789.6
1.574
1.125

2289.2
478.6

calcd freg, cm? (IR int) [RA int]2
CCSD(T)/cc-pvQ2
807.4

clco
2258(258)

472(21)
773(28)
1.589
1.128

ccsD(Ty
w

RHF
w
2601.3 (505) [40.6]

2601.1 (505) [40.6]
521.3 (27) [0]
520.7 (28) [0]
821.6 (33) [1.8]
811.8 (33)[1.8]
1.089
a|R intensities in km/mol; Raman intensities irf/Amu. Data from refs 37 and 43.Uncorrected Raman intensiti€sThe 6-311G(2d) basis set was used for these calculati®@bscured by S

1.581
bands.fIn the IR spectrum, this band is split by resonance withi@to two intense bands at 782.6 and 714.0"&ré Data from ref 39/ Data from ref 44.

2206(10)
394(3)

RA (liqy
730(5)

CICNP

IR (gas)
2215.6 vs
2215.3vs
378.4s
378.0s
7448
736.0s
1.6297
1.1596

2256(10)
803(8)
794(3)

obsd freq, cm! (rel intens)
not obsd

C|C0+Sk)3F154

IR
2256 vs

802.5s

793.8m
3056.1 mw
30470 w

Y bend

(36) Shimanouchi, TJ. Phys. ChenRef. Datal977, 6, 993 and references
therein.

(37) Shimanouchi, T. Tables of Molecular Vibrational Frequencies, Con-
solidated Volume 1. NSRDS-NBS38at. Stand. Ref. Data Ser., Nat.
Bur. Stand (U.S.) 1972and references therein.

(38) Siebert, H. Anwendungen der Schwingungsspektroskopie in der
Anorganischen ChemieAnorganische und Allgemeine Chemie in
EinzeldarstellungerBecke-Goehring, M., Ed.; Springer-Verlag: Ber-
lin, 1966; Band VII.

37C|

Y stretch £°Cl)
bond lengths

C=Y stretch ¢'Cl)

’Vz(ﬂ) 35CI—C:

3’CI—C=Y bend

v3(Z) 35CI—C stretch
37C|—C stretch

(v1 + v3)(2) 3°ClI

r(C—X)

assgnts and approx. mode
r(C—Cl)

descriptions in point grou@.,,

’V]_(Z) C

Table 1. Observed and Calculated Vibrational Spectra and Bond Lengths of CHd® Isoelectronic CICN
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The cis-ShsF16~ anion, as expected for a 19 atom species,
exhibits a very complex Raman spectrum (740 w, 717 m, 703
s, 693 m, 679 s, 670 m, 652 vs, 603 w, 336 vw, 300 mw, 274
mw, 260 sh, 235 w, 221 m). No attempts were made to assign
this spectrum, since the identity of the anion is well established
by thelF NMR spectra (see Experimental Section).

The RCO/Sbk system was also studied by vibrational
spectroscopy. The low-temperature reactions,@F-with either
excess Shfin SO,CIF solution or solid Sb&matrixes did not
generate any products exhibiting a high-frequency shift of the
carbonyl stretching mode o£EO (1928 cm?),36 and only the
well-known RCO-SbFs donor-acceptor adduct withvc—o =
1770 cmt 10.13was observed. This lack of evidence for FCO
formation agrees well with results from the present NMR
study.

Theoretical Calculations. High-level ab initio calculations
have previously been reported for CICE4° FCO",” and
isoelectronic CICR® and FCN#142the results of which were
confirmed by the present work. Consequently, only the following
six topics need to be discussed here.

(i) Vibrational Frequencies and 3°CI—237Cl Isotopic Shifts
for CICO*. Harmonic @ and anharmonic) frequencies,
together with observéd@*2and calculated data for isoelectronic

CICN, are summarized in Table 1. As can be seen, the CCSD-

(T)*° results are in excellent agreement with the observed
spectra. The observéaC|—37Cl isotopic shifts are also in accord
with the calculations and clearly identify the vibrations involving
a stretching of the €CI bond. The lower-level restricted
Hartree-Fock calculations have also been included in Table 1
because they allowed the calculation of Raman intensities. As
can be seen, the calculated Raman intensity.aff CICO" is
vanishingly small, explaining the absencewsfin our Raman
spectrum.

Force fields for CICO and CICN at the CCSD(T)/cc-pvVQZ
level with frequencies very close to those experimentally
observed have previously been publisé&@ihe force constants
of greatest interesf(CO) = 19.663 and(CCl) = 6.455 mdyn/
A% are in accord with a strong CO triple borf@N) in CICN
= 17.720 mdyn/A and(CO) in CO= 18.56 mdyn/Aj"-38and
a CCI bond with a bond order of 1.22, if the—ClI bond in
CICN (f = 5.290 mdyn/Aj8 is chosen as the basis for an sp-
hybridized C-ClI single bond.

(i) Predicted Geometry for CICO™. The excellent agree-
ment of observed and calculated vibrational frequencies for
CICO*, and comparison with the obser‘éd*and calculated
structures for CICN (see Table 1), lend strong support to the
previously proposefl geometry of (CO)= 1.122 A and (CCl)
= 1.567 A for CICO".

(i) NMR Shifts. The calculated NMR chemical shifts of
the isoelectronic CICO'CICN and FCO/FCN couples and
CFCk are summarized in Table 2 and compared to the
experimentally observed shift$>As can be seen, the agreement
between the calculated and observé@ shifts of CICO is
good, thus lending further support to the verification of CICO

(39) Pak, Y.; Woods, R. Cl. Chem. Physl997 107, 5094.

(40) Peterson, K. A.; Mayrhofer, R. C.; Woods, R.JCChem. Physl 991,
94, 431.

(41) Lee, T. J.; Racine, S. ®lol. Phys 1995 84, 717.

(42) Lee, T.J.; Martin, J. M. L.; Dateo, C. E.; Taylor, P.RPhys. Chem
1995 99, 15858.

(43) Lafferty, W. J.; Lide, D. R.; Toth, R. AJ. Chem. Phys1965 43,
2063.

(44) Saouli, A.; Dubois, |.; Blavier, J. F. Bredohl, H.; Blanquet, G.; Meyer,
C.; Meyer, F.J. Mol. Spectrosc1994 165 349.

(45) Fawcett, F. S.; Lipscomb, R. D. Am. Chem. Sod96Q 82, 1509;
1964 86, 2576.

Christe et al.

Table 2. Calculated and Observed NMR Shifts for the Isoelectronic
Couples CICO/CICN and FCO/FCN and CFQ

calcd shifts obsd shifts
13C 19F 13C 19|:
Clco* 134.5 — 133.7 —
CICN 94.0 - 94.F —
FCO* 118.6 —-70.5 [117.5] [not obsd}
FCN 109.2 —128.2 —156.C
CFCk 0 117.8 0

aMBPT(2)/6-311-G(2d) GIAO method? Value from ref 8.¢ Value
from ref 46.9 Values attributed in ref 9a to FCO® Value from ref
45."Value from this study.

(iv) Stabilization of the Carbocation Centers in the XCO"
Cations and Natural Bond Order Analyses.The stability of
carbocations is greatly enhanced by electron back-donation from
a neighboring ligand, thus alleviating the electron deficiency
of the carbenium center. This back-donation can occur either
through thes or p—p(w) bonds. If the ligand is more electrone-
gative than C, as is the case for fluorine, thieback-donation
becomes negative; i.e., the inductive effect of the fluorine ligand
counteracts the-pp() back-donation. Consequently, the total
(0 + ) back-donation decreases with decreasing atomic weight
of the halogen, i.e., » Br > Cl > F. This point has recently
been demonstrated by a natural bond order (NBO) analysis of
the MXs™ and MHX* series, where M= C, Si, Ge, Sn, Pb
and X=F, Cl, Br, I# It was, therefore, worthwhile to extend
this NBO analysis to FCOand CICO" and their isoelectronic
counterparts in an effort to judge the relative contributions and
the stabilizing or destabilizing effect of an oxygen ligand on
the carbenium center. Calculations of atomic charge distributions
can vary widely with the methods used, so they are not always
reliable indicators of quantities such as bond orders or back-
donation, which are not physically observable. Nevertheless,
NBO analyses of similar compounds employing density matrixes
calculated by the same methods should correctly reflect trends
within the series. For more quantitative comparisons, bond
distances or reliable force constants should be used, provided
that they are corrected for secondary effects such as differences
in the hybridization of the binding electrons.

In Frenking’s NBO analysfsof CF;*, the degree of pf)
back-donation from F to C was obtained by assuming the ideal
carbenium resonance structure with an empty) p(bital

pim)

and the full positive charge being on carbon, while the three
fluorines ares-bonded through gybridization. The pf) back-
donation from C to F was obtained by calculating for the
minimum energy structure the actualfppopulation on carbon
and dividing it by three to obtain the 1) back-donation from
each fluorine ligand. From this value and the calculated atomic
charge distribution, the donation can be calculated according
to eq 8.
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atomic charge= p(r) — o (8) Step ii: The following pf) orbital populations were obtained
from the ab initio calculations:
The results can best be summarized using simple arrow diagrams

in combination with charge distributions, as shown in eqs 9 Foooi 1-84883} 3.69766
and 10 for CE™ and CC}™, respectively. Py 1.84883) *-
C: p, 0.68429
+ -0.18 -0.18 +
FSF —l F F —‘ o B, 0.68429} 1.36858
Q- 6
}cé‘b oA vosect s o p 1.43242}
\ p, 143242 2.86484
F F
018 2, +py = 7.93108
+ +0.39 +0.39 +
S —’ c cl —‘ 10 Due to a small percentage of the electrons occupying higher
N \ / (10) : p g pying highe
\ Q@ c”1-1.17=-017 orbitals or Rydberg states, the above sum of 7.93 electrons in
*) ‘ the p and g orbitals is only 99.14% of the possible 8.0.
cl Consequently, the fully occupiedy(g- py)sr orbital population

+%.I39 values on fluorine and oxygen in eq 12 must be normalized by
0.9914, giving 4x 0.9914= 3.96554 electrons. The third free
Since CE* and CCk* are singly charged cations, the sum of valence electron pairs on fluorine and oxygen can be ignored
their atomic charge distributions must equdl. As can be seen  because they are,$o pairs which cannot participate in the
from egs 9 and 10, the p) back-donation increases from  z-bonding. Subtraction of the above calculategp,) orbital
fluorine to chlorine, but the most dramatic effect is caused by population from the fully populated orbitals results in the
the large change and sign reversal of théonation, which is following p(r) back-donation values:
caused by fluorine being more and chlorine being less elec-

tronegative than € This strong negative effect of fluorine F: 3.96554- 3.69766= 0.26788 electrons
also preempts fluorine from acquiring a positive atomic charge, O: 3.96554— 2.86484= 1.10070 electrons
as might be implied from the simple fluoronium valence bond
description){F=C=0 . Stepiii: The calculated atomic charge distributions in FCO
Extension of this NBO analysis to isoelectronicBEq 11) are
furthermore demonstrates thatgppack-donation in BEis even .
049 -049 F c 0 —| (13)
Foooow'F F F 10247 +1.26659 -.16412
N NNVA
B7QP BT +1.47 Subtraction of the atomic charge values from the sum of the
‘ L formal charges on the specific ligands in eq 12 and th8 p(
F 0.49 back-donation values obtained in step ii results in the following

o donation from carbon to the ligands:
smaller than in CF. In view of the high stability of BE
insufficient p¢r) back-donation in C§ ce?nnot be b)llamed for ~ F: 0.26788+ 0.10247= 0.37035 electrons
the elusiveness of GF in the condensed phase. O: —1.00000+ 1.10070+ 0.16412= 0.26482 electrons

Extension of the NBO analyses to the halocarbonyl cations
causes complications, because their two ligands are differentUsing a simple arrow diagram to better visualize theand
and the second and third bonds of the carbonyl group are o-donation effects and the resulting atomic charges, eq 13 can
7-bonds. The following general approach successfully over- be rewritten in the following manner (eq 14), where the lengths
comes these complications: (i) all ;sprbitals, which are of the arrows reflect the directions and magnitudes of the values:
required for theo-bonded backbone, must be kept occupied,
while all p(r) orbitals on the carbon central atom must be 0.26788 1.10070 * n-back-donation from
vacated and their electrons transferred to the ligands; (ii) the i ligand to carbon
p() back-donation from each ligand is calculated by subtracting
its actual pfr) orbital population from its fully occupied
population value; and (iii) the donation from the central atom
to the ligand is calculated by subtracting the atomic charge from
the p@) back-donation, under consideration of the formal

C (e}
-.10247 +1.26659 -.16412 atomic charges (14)

— 0 —>»

donation
037035 0.26482 G-donation from

charges generated by vacating the)pdrbitals on the central carbon to ligands
atom.
The FCO' cation is used to exemplify this approach. The veracity of the above procedure can easily be crosschecked

Step i: All p(r) orbitals on carbon are vacated, and their by starting with the formal charges on each atom in eq 12 and
electrons are transferred to the ligands, which generates thecorrecting them for ther donations and p{) back-donations;
electron distributions and formal charges shown in eq 12.  the result must equal the calculated atomic charges.

The results of our QCISD/6-3#1G(2d) NBO analyses for
FCO', CICO", and their isoelectronic counterparts FCN and
CICN are summarized in Table 3. They show that chlorine is a
better pfr) back-donor than fluorine, and oxygen is a much

+
2y O
|F—c—o0| (12)
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Table 3. Results from the NBO Analyses at the QCISD/ 19 .
6-311+G(2d) Level for FCO, CICO*, FCN, and CICN CFag) + SbFs)) ——  CF3"SbFg’ (s)
+ + +263 +7
0.26788 1.1oo7o_| —l (18)
T2y 0 -0.10247 +1.26659 -0.16412 CF3'(g) + F' g SbFs(g) UL /-130
|[F——¢C ol F c=——o
= <o 1204 1117 lo 1-121
0.37035  0.26482

+ + CF3'g) +  SbFgg
0.39012 _ 41.1__ozso_| —‘ .
29 0 +.43819  +.73050 -0.16869
ie— ¢ _—0l o0 S 0 fluoride affinity of Sbi,4° and previously published methG8&!
.5 1590 1122 , previously published me

0.04807 027129 for estimating the lattice energy of @FSbRs~. Even if this latter
number should be in error by as much as 20 kcal, it implies

0-14431“@40 that the formation of CFSbR~ from CF, and SbE is

249 _ﬁz-) -0.26104 +0.66186 -0.40082 thermodynamically unfavorable. Therefore, the problem of

E——C¢_—N F e c 156 N preparing condensed state£Ralts is attributed to a combina-

0.40532 .09022 ’ ) tion of unfavorable overall thermodynamics (endothermicity of
reaction 15 and high activation energy for breaking of the very

0.18198  1.76626 strong G-F bond in CR) and the lack of stable alternate starting

_ @) _@) +0.14399  +0.16765 -0.31163 materials, such as difluorocarbene, which could be oxidatively

C—_c—NI C s S fluorinated with compounds such as Xefr NF". For a

0.03799 .07789 ' successful C§ salt synthesis a Lewis acid will be required

@ The left column shows the p} back-donation from the ligands to whose F_ aff|n_|ty excgeds that of Shifby at least 26-30 kcal/
the carbon atom, the donation from carbon to the ligands, and the MOl. This estimate is based on the sum of the 19 kcal/mol
formal charges generated by vacating alt)pérbitals on carbon; the ~ endothermicity of eq 18 and the extrapolated 11 kcal/mol
right column gives the atomic charges and calculated bond distances.exothermicity of the competing formation of the oxygen-bridged,
F,CO-++SbFs, donor-acceptor compleX® Since SbEk has the
highest known fluoride ion affinity? it appears unlikely that a
substantially stronger Lewis acid can be found.

Analogous Bora-Haber cycles for eqs 16 and 17 give
estimates of about 4 and12 kcal/mol, respectively. Consider-
ing that the dissociation enthalpies of oxygen bridged denor
acceptor adducts, such as CIF@DFs, are about 1615 kcal/
mol for Sbhk adducts and 1525 kcal/mol for Ask adducts, it

. ) is then not surprising that the oxygen bridged deraeceptor
bonding from the halogens to carbon in GC(9) and CICO adducts are favored over the ionic adducts. Even for CIFCO,

(Table 3), which exist in the condensed phase, angi"CEO) the use of a sin L -
. X gle Shkinolecule is still insufficient to produce
and FCO (Table 3), which do not, does not show a significant CICO*SbR, and at least three SpRolecules must be used

differenggl, Slfjggers]tinglthgt a lack offn{}n(baclé-boggng is hnot to form CICOrSksF16~ by increasing the Faffinity of the Lewis
res%ona O? l:’r the elusiveness of £Fand F in the acid and by decreasing the depolymerization entHéipijiquid
condensed phase. SbFs. Apparently, these effects outweigh the decrease in lattice

(v} Thermodynamic C;ongiderations.The conclus_ion that energy, expected for the increased molecular volBfriEne
a lack of pfr) back-bonding is probably not responsible for the same arguments hold for the ,CIO/SbR system, where an

eIutswenest_s Qf Cf: and Fcﬁk:n the gonden_sed phatse ;}rompt_ed analogous BorrHaber cycle estimate shows the formation of
us to scrutinize the overall thermodynamiC aspects of reactionsy,q oxygen bridged donefacceptor adduct to be favored by

15-17. about 10 kcal/mol over that of the ionic CICGbRCI~ salt.
(vi) Theoretical Evaluations of the Sbk + CIFCO and

better pfr) back-donor than the halogens. This results in full
triple bonds for the €0 and C-N bonds, but does not generate

a positive atomic charge on oxygen, as the simple valence bond
description|F—C=0)|, would require, thus demonstrating the
pitfalls of atomic charges derived solely from valence bond
descriptions. Table 3 also shows that thre@ bonds in FCO

and CICO are very similar. A comparison of the s back-

CF, + SbF; — CF;+SbF; (15) ShsF15 + CIFCO Systems.The interaction of CIFCO with a
strong Lewis acid, such as ShFepresents the very interesting
F,CO+ Sbk,— FCO+SbI:6_ (16) case of a donor molecule possessing three competing donor sites,
i.e., oxygen, fluorine, and chlorine. In the case of an attractive
CIFCO+ SbR,— CICO"SbF,” (17) halogen interaction, a complete transfer of one halogen to the

Lewis acid under formation of a halocarbonyl cation and an

The reaction enthalpy of eq 15 can be estimated from the-Born SPFsX™ anion could occur. Further interest stems from the
Haber cycle (eq 18) to be endothermic by about 20 kcal/mol, OPservation that SkFforms with CIFCO only an oxygen-
using the JANAF valug€ for the ionization energy of CFa bridged donor-acceptor adduct, whereass5 forms an ionic
previously published estimafor the heat of depolymerization ~ CICOShiFie™ salt. It was, therefore, desirable to investigate
and evaporation of liquid SkFa calculated value for the — Whether such a complex system could be modeled and predicted
correctly by theoretical methods.

(46) Walker, N.; Fox, W. B.; De Marco, R. A.; Moniz, W. B. Magn.

Reson 1977, 27, 345. (49) Dixon, D. A.; Christe, K. O. Unpublished results.
(47) JANAF Interim Thermochemical TabjeShe Dow Chemical Co.: (50) Richardson, T. J.; Tanzella, F. L.; Bartlett, NAm. Chem. So& 986
Midland, MI, 1965 and subsequent revisions. 108 4937.

(48) Bougon, R.; Bui Huy, T.; Burgess, J.; Christe, K. O.; Peacock, R. D. (51) Petrie, M. A.; Sheehy, J. A.; Boatz, J. A.; Rasul, G.; Prakash, G. K.
J. Fluor. Chem 1982 19, 263. S.; Olah, G. A;; Christe, K. QJ. Am. Chem. Sod 997, 119 8802.
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Figure 1. B3LYP/SBK+(d) energies of partially optimized geometries for fluorine-, chlorine-, and oxygen-bridged interactions of CIFCO and
Sbks. The Sb-F (circles, Sb-Cl (triangles), and SbO (squares) internuclear distances were held fixed at the indiBatatlies, with the remaining
geometrical degrees of freedom fully optimized. Energies (in kcal/mol) are relative to the fully optimized-SBfCFCI local minimum.

Figure 2. B3LYP/SBK+(d) partially optimized geometries (bond lengths in A, bond angles in degrees) for three points on the potential energy
curve of Figure 1 for the fluorine-bridged approach of $b§ CIFCO. The distance between the Sb atom and the F atom on CIFCO was held fixed

at values of 1.9, 2.3, and 2.7 A, with the remaining structural degrees of freedom fully optimized. The dihedral angle “W” is defined as the angle
that the CICO plane forms with respect to the SbFC plane. Color code: grégnred= O, gray= C, light blue= F, dark blue= Sb.

In view of the relatively large size of the molecules involved, more repulsive than that for fluorine. Furthermore, the carbonyl
density functional methods and effective core potentials (B3LYP/ halide groups in the fluorine- and chlorine-bridged structures
SBK+(d)) were used for our calculatiod%:33 For the SbE do not lie in the paper planes of Figures 2 and 3, but form
CIFCO system a sequence of constrained optimizations weredihedral angles ranging from about 80 to 13Gth respect to
performed in which the distance between the Sb atom and thethe paper planes, resulting @ symmetry. The corresponding
F atom on CIFCO was held fixed while the remaining Cssymmetry structures, in which the carbonyl halide ligands
geometrical degrees of freedom were fully optimized. Similar lie in the paper planes of Figures 2 and 3 are about 1 kcal/mol
calculations were also carried out in which the-8H and Sb-O higher in energy.
distances were likewise fixed. The energy profiles as a function  For the oxygen-bridged CIFGSbFs adduct, Figure 1 shows
of the fixed Sb-F, Sb-Cl, and Sb-O distances are shown in  a shallow minimum, in agreement with the experimental finding
Figure 1, and selected optimized geometries for each approachof a weak donoracceptor adduct. In this adduct, the two
are shown in Figures-24. Figure 1 indicates that the potential halogen ligands of the CIFCO group lie in the paper planes of
energy curves for chlorine- and fluorine-bridging are repulsive Figure 4, resulting irCs symmetry. The structure in which the
and do not show a minimum, with the chlorine curve being fluorine ligand of CIFCO points toward the Sh§roup (Figure
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Figure 3. B3LYP/SBK+(d) partially optimized geometries (bond lengths in A, bond angles in degrees) for three points on the potential energy
curve of Figure 1 for the chlorine-bridged approach of $Sby CIFCO. The distance between the Sb atom and the Cl atom on CIFCO was held
fixed at values of 2.1, 2.4, and 2.7 A, with the remaining structural degrees of freedom fully optimized. The dihedral angle “W” is defined as the
angle that the FCO plane forms with respect to the SbCIC plane. Color code: gréénred = O, gray= C, light blue= F, dark blue= Sb.

(b) (c) (d)

Figure 4. B3LYP/SBK-+(d) partially optimized geometries (bond lengths in A, bond angles in degrees) for the oxygen-bridged approagh of SbF
by CIFCO. Structure a, in which the chlorine atom points away from the &b&uct, has a fixed SHO distance of 2.4 A but is otherwise fully
optimized. Structures-bd likewise are partially optimized geometries for three points on the potential energy curve of Figure 1, in which the
Sb—0 distance is held fixed at 1.9, 2.3, and 2.7 A, respectively. Color code: gre@h red= O, gray= C, light blue= F, dark blue= Sb.

4a) is only slightly lower (by 0.03 kcal/mol foR(Sb—0) = Figure 5), indicative of a marginally stable dor@cceptor
2.4 A) in energy than the corresponding structure in which the adduct. Figure 6b shows two perspectives of its fully optimized
chlorine ligand points toward SkFand their geometries are  minimum energy geometry. As can be seen, this adduc€has
very similar. symmetry. Other conformations (with the fluorine ligand of
Analogous calculations were also done for thesFsb + CIFCO poining up and/or with the CIFCO ligand rotated by
CIFCO system, in which the distance between the central Sb 18C°) were explored, but found to be higher in energy by about
atom in ShF;s and the F, Cl, or O atom of CIFCO was held 1—2 kcal/mol.
fixed, with the resulting energy curves shown in Figure 5. The  The fluorine-bridged approach of $hs by CIFCO results
chlorine-bridged approach was again repulsive, and a typical in a well-defined minimum, corresponding to the transfer of a
geometry for one of the points on the curve is shown in two fluoride ion from CIFCO to Skri5 with formation of the ionic
different perspectives in Figure 6a. Other configurations, with salt CICO" ShyF16~ (see Figure 7). The transition state for the
the fluorine ligand of CIFCO pointing up or the COCIF group fluoride ion transfer, represented by the large circle in Figure
being rotated by 180i.e., pointing away from the SBss group, 5, occurs at aiR(Sb—F) distance of 2.08 A and is shown in the
were found to be higher in energy by 1.67 and 3.6 kcal/mol, middle structure of Figure 7. The magnitude of the single
respectively, forR(Sb—Cl) = 2.30 A. imaginary harmonic frequency is 111 chand the correspond-
For the oxygen-bridged approach of ;6 by CIFCO a ing vibrational mode’s displacement vectors (not shown) clearly
shallow minimum was found for its potential energy curve (see indicate simultaneous cleavage of the-E bond and the
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Figure 5. B3LYP/SBK+(d) energies of partially optimized geometries for fluorine-, chlorine-, and oxygen-bridged interactions of CIFCO and
ShsFis. The Sb-F (circles), Sb-CI (triangles), and SbO (squares) internuclear distances were held fixed at the indi¢atealues, with the
remaining geometrical degrees of freedom fully optimized. Energies (in kcal/mol) are relative to the fully optimizgd €=CFCl local minimum.

The transition state for the g5 + CIFCO— [ShsF16] [COCI]* fluoride anion transfer reaction is indicated by the large circle. Color code: green
= Cl, red= O, gray= C, light blue= F, dark blue= Sb.

(b}

Figure 6. (a) Two perspectives of the B3LYP/SBKd) chlorine-bridged constrained geometry in which the-Sbdistance is fixed at 2.2 A. (b)

Two perspectives of the B3LYP/SBK(d) oxygen-bridged fully optimized geometry. Color code: greefl, red= O, gray= C, light blue=
F, dark blue= Sb.

formation of an Sb-F bond. Although the minimum for the ionic form lowers its energy well below that of the oxygen-

oxygen-bridged CIFCEBhsFi5 adduct is about 12 kcal/mol  bridged donotacceptor adduct and confirms the experimental
lower than that for the ionic CICCBlsF16 ion pair, it must be finding of the ionic salt.

kept in mind that these potentials are for the free gaseous These computations demonstrate that it is possible to predict
species. In the condensed phase, the larger lattice energy of theorrectly not only the preferred coordination site, i.e., oxygen
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Figure 7. B3LYP/SBK+(d) geometries (bond lengths in A, bond angles in degrees) for three points on the potential energy curve of Figure 5 for
the fluorine-bridged approach of $hs by CIFCO. The distance between the Sb atom and the F atom on CIFCO was held fixed at values of 2.0
and 2.4 A in the lower left and upper right structures, respectively. The middle structure is the fully optimized transition state for the flooride ani
transfer reaction. Color code: greenCl, red= O, gray= C, light blue= F, dark blue= Sb.

versus fluorine versus chlorine, but also whether a covalent calculate the extent af donation and pt) back-donation in
oxygen-bridged, doneracceptor complex is favored over an compounds containing more than one type of ligand, and also
ionic complex, which can emanate from a halogen-bridge. Our for predicting either covalent adducts or ionic salts emanating
calculations also correctly predict that Sb& not sufficiently from Lewis bases with three different coordination sites.
acidic to remove a fluoride ion from CIFCO, but {5k can do

so. Furthermore, they confirm the conclusions and rough energy  Acknowledgment. The authors thank Drs. S. L. Rodgers
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