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ABSTRACT: The fluorination of K[B(CN),] with CIF is studied by millimolar test A multi-step reaction in a one-pot synthesis

reactions in aHF and CH,Cl, solution and by subsequent identification of
intermediates such as B—CF=NCI, B—CF,—NCl,, and B—CFj; species as well
as NCl; by '°F, ''B NMR, and Raman spectroscopy, respectively. At first one cyano
group of K[B(CN),] is converted fast into a CF; group, and with increasing
fluorination the reaction becomes slower and several intermediates could be
observed. On the basis of these results, a synthesis was developed for K[B(CF3),]
on a 0.2 molar scale by treatment of K[B(CN),] diluted in aHF with CIF. The
course of the reactions was followed by (i) monitoring the vapor pressure inside the
reactor, (ii) observing the heat dissipation during CIF uptake, and (iii) measuring
the volume of the released nitrogen gas. Since the fluorination of the last cyano
group proceeds very slowly, the selective synthesis of K[(CF3);BCN] on a 0.2
molar scale is possible, as well. The analysis of the mechanisms, thermodynamics,

aHF

KIB(CN),] + 12CIF KIB(CF3)] + 2N; + 6Chy

[B(CF,),J"

62 g of K[B(CF,),]

and kinetics of the fluorination reactions is supported by density functional theory (DFT) calculations.

B INTRODUCTION

Since decades the development of weakly coordinating anions
remains a very important topic in inorganic and applied chemical
research.' The title compound K[B(CF5)4] contains the very
promising weakly coordinating anion that can be used in
electrolytes, in dye-sensitized solar cells, in Li-ion batteries, in
ionic liquids, as counteranion for the stabilization of novel highly
electrophilic cations, with possible applications, for example,
in cationic catalysis. Simple M[B(CF3),] salts with the single-
charged cations M* = Li", K%, Cs", Ag” have been synthesized
and fully characterized structurally and spectroscopically for the
first time only 10 years ago.”” It turned out that the highly
symmetric [B(CF3)4]  anion is most weakly coordinating, since
so far it is the only anion that stabilizes the [Ag(CO),]" cation
and it exhibits the highest ¥(N—H) vibrational frequency for the
ion pair [(nCgH,;)sNH]"--+[B(CFs),]  observed in CCl,
solution, indicating its extremely low basicity.* The [B(CF5)4] ™
anion is very redox stable,” and it is stable against many highly
reactive cations,3’6 for example, NO*/’ N5+,8 [H(OEt,),] +,9
[PhsC]*,” [Cp,ZrMe]*,” [Co(CO)s]",'* [Co(CO),(NO),]""*
and [C4FsXe]"."" In the presence of strong Lewis and Bronsted
acids the stability of the [B(CF),] ~ anion is limited.'> However,
this reactivity makes the [B(CF3),]™ anion a valuable starting
material for the preparation of a broad variety of derivatives of the
elusive free Lewis acid (CF;);B>"? since in concentrated sulfuric
acid the reactive boron carbonyl (CF3);BCO is formed."*"'* This
boron carbonyl can be used as starting material for the synthesis
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of many (CF;);B derivatives,>® for example, [(CF3)3;BCPnic]
(Pnic = N, P, As)">'¢ and [(CF;);BC(O)Hal]™ (Hal = F,
Cl, Br, 1)."”

Out of these derivatives the [(CF3)3;BCN] ™ anion is of special
interest since its potential as building block, for example, in
ionic liquids [EMIM][(CF;);BCN] 1819 as starting material for
the synthesis of novel weakly coordinating anions [(CF3)s-
BCNB(CF;);] ,Cas part of Bronsted acids (CF3);BCNH or
(CF3);BCNH- - - OEt,,*"%% and as ligand in transition metal
chemistry [Cp,ZrMe{NCB(CF;);}] as well as [(PPh;);RhNCB-
(CF;)5]%"**" has been demonstrated.®

The [B(CF3),]  anion is accessible by fluorination of the
tetracyanoborate anion,”* [B(CN),] ~, with either CIF or CIF,.>
In contrast, related reactions of nitriles with chlorine fluorides
result in most cases in simple addition reactions to the R—C=N
triple bond grielding R—CF,—NCl, or R—CF,—NEFCl com-
pounds.”> ?® So far, the formation of CH;—CF; as a side
product™ and in 45% yield*® has only been observed for the
fluorination of acetonitrile with CIFs and CIF/F,, respectively.
There is only one further example known in which the fluorina-
tion with CIF results in the partial cleavage of CF,—NCl, bonds. %
In contrast, reactions with bromine trifluoride proceed under
complete cleavage of C=N triple bonds resulting in trifluoro-
methyl compounds,*”*® and iodine pentafluoride does not react
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Figure 1. Stainless steel apparatus for the synthesis of K[B(CF3),]: (a) capacitance manometer, (b) 16 mm flange with Cu gasket, (c) bellow valve with
6 mm fitting, (d) 5.6 L reactor, (e) Dewar vessel, (f) reaction mixture, and (g) stir bar. The photo shows the cooled reactor (middle) connected to the

cooled CIF cylinder (right).

with nitriles at all.”® Transition metal cyano complexes have
been converted into the corresponding trifluoromethyl com-
plexes by the reaction with CIF,*” similar to the synthesis of the
[B(CF53)4]  anion.

The main obstacle for the further development of the chem-
istry of the [B(CF;),] anion is its availability in millimolar
quantities only.” For this reason we have studied the course and
mechanism of the fluorination of K[B(CN),] in detail and then
developed an improved and safe synthesis for K[B(CFj),]
in high purity on a 0.2 molar scale, which is presented in
this contribution. Furthermore, it turned out that under con-
trolled conditions K[ (CF3)3;BCN] can be obtained in high yield,
which was previously only accessible in a multistep synthesis via
(CF;);BCO.'43°

Il RESULTS AND DISCUSSION

According to the original report,” salts of the [B(CN),]~
anion can be fluorinated in aHF with either CIF or CIF; in
millimolar quantities. Attempts to scale up the reaction with CIF;
were found to be dangerous, because the highly exothermic
reaction is very difficult to control. The use of CIF in place of
CIF; has the advantage that CIF is a gas under the reaction
conditions and, hence, the exothermic reaction in diluted aHF
solution is easier to control. The reaction setup is depicted in
Figure 1.

The reaction was found to proceed via 3 equiv of CIF per
cyano group according to eq 1.

K[B(CN),] + 12CIF — K[B(CF3),] + 2N, + 6Cl,
(1)

The release of nitrogen was verified by cooling the reaction
mixture to —78 °C and pumping Cl, and N, gas through a cold
trap held at —196 °C. Only N, leaves the exhaust tube of the
vacuum pump and is collected in a measuring glass filled with

water. The reaction enthalpy for the fluorination of the tetra-
cyanoborate anion was estimated by the hypothetical model
reaction of HCN with CIF to result in HCFj3, nitrogen, and
chlorine (eq 2) using experimental enthalpies of formation.>"

4HCN +12CIF — 4HCF; + 2N; + 6Cl;  AH°usx = —2654.4 kJ mol”

4-135.1 12-(-55.6) 4-(6953) 0 0 [kimol™] @

The reaction enthalpy of —2654.4 k] mol ™" is in very good
agreement to the value derived for this model reaction from
density functional theory (DFT) calculations of —2613.2 k]
mol ™~ ". The synthesis of the [B(CF5)4]  anion is predicted to be
a little less exothermic: —2390.4 kJ mol ' (eq 1). This high
reaction enthalpy shows the importance of controlling the
reaction conditions, which is easily accomplished with gaseous
CIF, to avoid overheating and, hence, B—C bond cleavage that
results in the formation of fluoroborate anions as side products.

Even at —78 °C the partially dissolved K[B(CN),] in aHF
(vapor pressure <1 mbar) reacts with CIF very fast as monitored
by the pressure increase in the reactor (Figure 1). CIF at a
pressure of 10 to 20 mbar in the cold reactor is completely
consumed in large amount of aHF solution within a few seconds.
At the same time the dry ice in the cold bath evaporates faster
because of the exothermic reaction. After about 30 min one-third
of the required CIF is consumed, and the pressure increases to
approximately 20 mbar. During the addition of the second third
of CIF, heat release is still observed, and the pressure inside the
reactor increases to about 800 mbar within 1 h. To complete the
reaction, the reactor is warmed to room temperature overnight.
Subsequently the reactor is cooled to —78 °C again, all volatile
products (Cl, and N,) are pumped off through a cold trap held at
—196 °C, and the N, gas is collected at the exhaust of the pump.
The last third of CIF (in total ca. 15 equiv) is added to the
reaction mixture at —78 °C and subsequently the reactor is
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Table 1. NMR Data of Borates Containing B—F, B—CN, B—CFNCI, B—CF,NCl,, B—CF;, B—CF,Cl, and B—CF,NCIF Groups
Observed in Different Stages of the Reaction of K[B(CN),] with CIF

anion o(*'B) [ppm]

[B(CN),]~ 386
[B(CE;)(CN)s]~ 321
[B(CF3),(CN),] ™ —26.6
[B(CF;);5(CN)] ¢ -223
[B(CE3),] ™" —190
[B(CF,NCL)(CN),]~ —31.0
[B(CF,NCL,),(CN),]~ —24.8
[B(CF,NCL,);(CN)]~ —203
[B(CENCI)(CN);]~ —33.1
[B(CENCI),(CN),]~ —29.2
[B(CF;)5(CF,NCL,)]~ —174
[B(CF;);(CENCI)]~ —185
[B(CF,NCl,),(CF,NCIF),]~ —13.7
[B(CF;),(CN)(CENCI)]~ —21.9
[B(CF;)(CN),(CF,NCL,)]~ —257
[B(CF;)5(CF,Cl)]~ —17.1
[B(CF;),(CF,Cl)CN]~ —20.0
[BE(CE;)s]™ ~70

(*’F) [ppm]

—60.7%, —81.5"
—62.6°, —5.2°
—84.6", —92.9¢
—64.1°, —7.1°

—62.7% —53.9°
—63.1 —55.0°

*J("E,"B) [Hz] “J(F,”F) [Hz]

—67.0° 36.5
—65.3" 325
—63.9° 289 6.6
—63.3° 259 5.8
29.7
—86.4" 26.1
—84.0" 229
41.7
30.0
25.3,21.2 6.9
27.0,28.8 63
23.3,18.0 6.9
304, 33.5 5.6
—64.9°, —87.2" 32,27 7.5
252,207 6.6
283,234 6.8
—70.8%, —232.1 28.9, 58.4(]) 510

“ CF;." CF,NCl,.“ CFNCL “ CE,NCIF. ° CF,CL/BF. ¢ [B(CF;);(CN)] : 8(**C, CF;) = 132.4 ppm, 6(**C, CN) = 127.5 ppm, 'J(*'B,'*C, CF,) = 76.3
Hz, 'J(*'B,">C, CN) = 63.4 Hz, 'J(*°F,"*C) = 303.8 Hz, 'AF(**/13C) = 0.1305 ppm, *A*F(**’*'B) = 0.009 ppm. " [B(CF5),] : 6(**C) = 133.0 ppm,
Y(1'B,*C) = 73.4 Hz, 'J(*°F,"°C) = 304.4 Hz, J(*°F,'°B) = 8.7 Hz, >J(*°F,">C) = 3.9 Hz, 'A"F(*¥3C) = 0.1314 ppm, ' A" B(***C) = 0.0035 ppm,

ZAYE(*1B) = 0.0111 ppm, *AF(**13C) = 0.0011 ppm.

warmed to 30 °C for 15 h. Then the product is worked up and
isolated.

To gain a deeper insight into the course and the mechanism of
the reaction, fluorination experiments were conducted with (i) a
stoichiometrically deficient proportion of CIF at —78 °C with the
potassium salt in neat aHF and with (ii) an excess of CIF with the
tetrabutylammonium salt in dichloromethane in the presence of
potassium fluoride. From the NMR spectroscopic analyses (see
Table 1) it is evident that the transformation of the cyano groups to
trifluoromethyl groups proceeds in three steps: (i) the addition of
CIF results in B— CF=NCl species, (ii) the further addition of CIF
gives B—CF,—NCl, derivatives, and (iii) the cleavage of the C—N
bond with CIF results in B—CFj species and NCl;. The formation
of NCl; was unambiguously proven by Raman spectroscopy. NCl;
is unstable in the later stage of the reaction and decomposes to
elemental nitrogen and chlorine even at —78 °C.

Calculations of transition states for the reaction of CIF with
CF,—NCl, groups resulting in CF; groups and NCl; ruled out a
concerted mechanism for the addition to and the cleavage of the
C—N single bond. On the basis of the calculations, an ionic transition
state according to eq 3 is involved in the C—N bond cleavage.jF

[RsB—CF,—NCl]~ + CIF — {[RsB—CF,—N"Cl;-+-F | }*
— [RsB—CF;]” + NCl; (3)

The calculated activation barrier for this process of approximately
200 kJ mol ' is too high for the observed reaction. However,
solvation of F in the ionic transition state by at least 2 molecules of
either HF or CIF lowers the barrier to less than 50 kJ mol ™. In
dichloromethane the transition state needs to be stabilized via
solvation with CIF. Since (i) CIF is a less effective solvating agent
than HF and (ii) the concentration of CIF in dichloromethane is

much lower compared to that of HF in aHF solution, the reaction
proceeds much slower in dichloromethane.

A strong solvent effect was found for the CF,—NCI, bond
cleavage. In all reactions performed at —78 °C in aHF only small
amounts of BCF,—NClI, species were detected whereas in the
dichloromethane/KF system the main component is the
[B(CF,—NCl,);(CN)] ™ anion. This observation indirectly sup-
ports the results of the DFT calculations that predict a participa-
tion of HF and/or further CIF in the reaction.

Three of the cyano groups of the [B(CN),] ™ anion undergo
fast addition of CIF in aHF and dichloromethane. The transfor-
mation of the fourth group is much slower and prolonged
reaction times and reaction temperatures of up to 30 °C are
necessary for a complete conversion of all four CN to CF;
groups. In aHF it was possible to selectively synthesize the
potassium salt of the [B(CF3)3(CN)]  anion that was previously
accessible via multistep protocols from (CF3);BCO, only.'%*
Furthermore, it is possible to selectively prepare salts of the new,
unusual anion [B(CF,—NCl,);(CN)]~ in CH,CL,.

It was found that all borates carrying —CF,—NCl, or
—CF=NCI groups are quite stable in neutral aqueous solution.
However, the —CF,—NCl, group decomposes under basic or acidic
conditions, but —CF=NCI is only acid sensitive. More work is
needed to isolate the new borates with —CF,—NCl, or —CF=NCI
groups in pure form and to explore their chemistry in detail.

B CONCLUSION

Transformations of cyano groups into trifluoromethyl groups
with halogen fluorides, for example, CIF, CIF;, or BrF;, are of
broad interest in inorganic and organic chemistry. However, only
little is known on the mechanism of this reaction and, hence, the
insights into the addition reactions of chlorine monofluoride to
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the [B(CN),] ™ anion to result in —CF=NCl and —CF,—NCl,
boron species and the subsequent cleavage of the C—N single
bond by CIF provide valuable information for the further devel-
opment of such reactions.

With the new synthesis of the K[B(CF;),] and K[(CF3)s-
BCN] on a 0.2 molar scale using the readily available K[B(CN),]
and chlorine monofluoride the borate anions are available in
larger quantities for the first time.” This will enable the further
development of their chemistry and their use in various applica-
tions, for example, in coordination chemistry, for the stabilization
of highly reactive cations, and in ionic liquids.

B EXPERIMENTAL SECTION

Caution! CIF;, CIF, and aHF are highly toxic and can cause severe
injuries via skin and eye contact or inhalation. Therefore all manipulations of
these chemicals have to be performed under a well-ventilated fume hood,
and wearing of protective gloves, an apron, and a head screen is strongly
recommended. Before starting the transfer of CIFs;, CIF, or aHF, the
apparatus must be checked carefully for any leaks.

Materials and Apparatus. 'H, ''B, and '’F NMR spectra were
recorded at 25 °C in D,0O or CD;CN solution on a Bruker DRX 400
spectrometer operating at 400.17 (IH), 128.39 (”B), 100.61 (13C), and
37645 (*’F) MHz. The NMR signals were referenced against Me,Si
(*H, 3C), BF;- OEt, ('B), and CECl; (*°F) as external standards. For
the determination of the relative amounts of borate anions that had
formed in the reactions only the '’F NMR data were used for the
integration, because the intensities of the ''B NMR signals in many cases
do not display the correct relative intensities. This effect in the ''B NMR
spectra is due to very long relaxation times of the [B(CF;),]  and
[B(CN),] ™ anions.'*!® In Table 1 the NMR spectroscopic data of all
anions that could be assigned in the spectra of the test reaction mixtures
and in the large scale syntheses are summarized. The assignments were
supported by calculated chemical shifts, which are listed in Table SI in
the Supporting Information. Raman spectra were recorded at room
temperature on a Bruker EQUINOX S5 FT Raman spectrometer
(Bruker, Karlsruhe, Germany) using the 9394.8 cm ™' excitation line
(100 mW) of an Nd/YAG laser. In the region of 3000—50 cm™! spectra
were recorded with a resolution of 2 cm ™" by addition of 64 scans.

The syntheses were performed in a stainless steel reactor as depicted
in Figure 1. It consisted of a cylinder (o.d. 15 cm, height 32 cm, wall
thickness 4 mm, volume 5.6 L) equipped with 3 bellow valves (Swagelok
SS-4H), and a capacitance manometer (Setra 205—2, 0—3.5 bar)
connected via a 16 mm flange with a Cu gasket. The starting materials
K[B(CN),]** (donated by Merck KGaA, Darmstadt, Germany) and
CIF** (commercially available from Ozark, U.S.A.) was synthesized
according to a literature procedure. aHF was donated by Solvay (Bad
Wimpfen) and CIF; by Urenco (Gronau).

Preparation of K[B(CF3)4]. In a typical run the reactor was
charged via the CF 16 flange with K[B(CN),] (30.8 g, 0.20 mol) and
a big magnetic stir bar and then evacuated viaa 6 x 1 mm PFA tube for
several hours. The lower part of the reactor was cooled with an ethanol
bath at —20 °C, and liquid aHF (about 800 g) was introduced into the
reactor. While the suspension of K[B(CN),] in aHF was stirred the
upper part of the reactor was cooled with dry ice to result in the
condensation of the refluxing aHF and to wash down the K[B(CN),],
which possibly stuck at the upper part of the reactor. Subsequently, the
ethanol bath was cooled to —78 °C with dry ice and when the vapor
pressure of HF dropped below 2 mbar 54 g, 1 mol of CIF (the container
cooled to —78 °C) was introduced into the reactor within half an hour.
During the addition the pressure inside the reactor was checked and did
not exceed 20 mbar. All CIF was consumed with release of heat, as
evident from a faster evaporation of the dry ice in the cold bath. Another
portion of CIF (1 mol; in total 10 equiv) was added to the reaction

mixture within 1 h. During this time the pressure inside the reactor
increased to about 800 mbar, and there was only little heat release. The
reactor was warmed overnight to room temperature and then cooled to
—78 °C again. Volatile Cl, and N, were slowly pumped off through a
cold trap held at —196 °C and at the end of the exhaust tube of the
vacuum pump 7.0 L of N, were collected at room temperature in a
measuring glass (2 L, in 4 portions) filled with water. Subsequently the
cold reactor was filled with CIF (1 mol; in total 1S5 equivalents) within
1 h while the pressure increased to 900 mbar. The reactor was kept at
30 °C for 15 h and then cooled to —78 °C again. Volatile Cl, and N,
were slowly pumped off through the cold trap held at —196 °C and at the
exhaust of the vacuum pump 3.5 L of N, were collected. In total 10.5 L of
N, (~0.4 mol) had formed, which is in agreement to the stoichiometry
given in eq 1. All aHF was recovered in a 1.5 L steel storage vessel held at
—78 °C while stirring the solution under heating the reactor with warm
water to room temperature. After all aHF was transferred, the reactor
was evacuated for 20 min, the CF flange was opened, and the content
was worked up.

The raw product was washed out of the reactor using an aqueous
K,COj3 solution (50 g dissolved in 200 mL of H,O) and two portions of
water (100 mL). The collected aqueous washings were combined and
extracted with 3 portions of diethyl ether (200 + 100 + 100 mL). The
collected ethereal extracts were treated with K,COj3 to remove most of
the water. The ether solution was evaporated, and the solid residue was
treated at 80 °C with ultrasonic sound in a vacuum. The dry solid
product was crushed in a mortar, washed with CH,Cl, and dried in a
vacuum. Yield: 62.3 g (96%, purity 99.0%; traces of K[(CF;);BF]
(0.59%), K[(CF;);BCN] (0.31%), K[(CE;),BE,] (0.06%), and
K[(CF3),B(CN),] (0.01%)).

Preparation of K[(CF3)3sBCN]. The procedure used for the
preparation of K[(CF3);BCN] was similar to that described for the
synthesis of K[B(CF;),]. In a typical run the reactor was charged with
K[B(CN),] (30.8 g, 0.20 mol) and treated with CIF at —78 °C until
2 mol CIF were consumed. Subsequently the reaction mixture was stirred
for further 4 h at —78 °C to complete the reaction. Then all volatile
products (excess of CIF, Cl, and N,) were pumped off through a trap
held at —196 °C. At the exhaust tube of the pump 5.8 L of N, were
collected. To decompose all residual NCl;, the reaction mixture was
warmed to room temperature overnight. As expected, the volatile
products contained an additional amount of 1.5 L of N, (in sum
~0.3 mol). The isolation of the product was performed in analogy to that
of K[B(CFs),]. Yield: 47.3 g (83%; composition: 76% K[(CF;);BCN],
10% K[(CF;),B(CN),], 6% K[(CF;);BCENCI], 0.9% K[B(CFs),],
0.3% [B(CF3)3(CF,Cl)] 7, 0.1% K[(CF3)B(CN);] and 6.7% other
complexes).

A portion of the raw product (2.18 g, containing 76% of K[B(CF)3CN])
was dissolved in water (10 mL) and conc. HCI (10 mL), and the solution
was stirred for § min. Subsequently, a solution of [Me;NH]CI (1.66 g,
17.4 mmol) in water (10 mL) was added to the solution of the raw
product. After S min of stirring, the suspension was filtered off and
washed with water (20 mL). The product was dissolved in acetonitrile
and transferred into a bulb. After evaporation of the acetonitrile at
the rotary evaporator and drying of the product in a vacuum 1.91 g
containing 89% of [Me;NH][B(CF;);CN] and 9% of K[ (CF;),B(CN),]
were obtained. The [Me3sNH]" salt can be converted with KOH
solution into the potassium salt, and the purification process can be
repeated.

NMR Spectroscopic Study of the Reaction of K[B(CN),]
with CIF in aHF. A 100 mL PFA reactor equipped with a magnetic
stirring bar was charged with K[B(CN),] (160 mg, 1.0 mmol) and
anhydrous HF (10 mL). The reaction mixture was cooled to —78 °C and
CIF was added until its consumption declined. All highly volatile
materials (Cl, N, and CIF) were removed at —78 °C.
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A sample of the yellow suspension was cannula transferred at low
temperature into a PFA inliner and studied at —70 and —60 °C by NMR
spectroscopy. Only very broad signals were observed in the *'B and *°F
NMR spectra. However, the formation of trifluoromethylborates was
evident from these spectra. Upon warming of the suspension inside the
PFA inliner the yellow solid liquefied at approximately —40 °C and
separated as a yellow phase at the bottom of the inliner (NCl5).

All volatiles of the reaction mixture in the PFA flask were removed in a
vacuum while warming up to room temperature. The solid yellow residue
was studied by NMR spectroscopy in CD3CN and by Raman spectroscopy
at room temperature. The Raman spectrum was dominated by strong
bands at 540, 351, and 260 cm ™~ that were assigned to NCL,* adsorbed
on the borate salts. A mixture of borate anions with CN, CF;, CF,—NCl,,
and CF=NCI groups was observed by ''B and '’F NMR spectroscopy.
The main components of the mixture are the anions [(CF;);BCN],
[(CF3),B(CN),] ", and [B(CE,NCL),(CN),] .

NMR Spectroscopic Study of the Reaction of K[B(CN),]
with CIF in CH,Cl,. A 100 mL PFA reactor equipped with a magnetic
stirring bar was charged with [nBu,;N][B(CN),] (300 mg, 0.8 mmol),
spray-dried KF (1.75 g, 30 mmol), and dichloromethane (20 mL). At
—78 °C CIF was added (12 g, 220 mmol) over 4 h. Then all volatiles
were removed under reduced pressure at low temperature. The remain-
ing white solid residue was studied by ''B and '°F NMR spectroscopy at
room temperature, and the data of the anions that could be assigned are
collected in Table 1. [#Bu,N][B(CF,NCl,);CN] is the main product of
the fluorination experiment (70%) followed by [nBu,N][B(CF3),]
(15%), [nBuyN][B(CF,NCL),(CF,X),] (X probably NCIE) (5%),
and [nBuyN][B(CF;);(CF,NCL,)] (4%).

DFT Calculations. DFT calculations®* were carried out using the
B3LYP method™ with the basis sets 6-311++G(d,p) as implemented in
the Gaussian 03 program suite.*® Diffuse functions were incorporated
because improved energies are obtained for anions.>” Frequency calcu-
lations were performed for all species, and all structures represent true
minima without imaginary frequencies on the respective hypersurface.
Transition states exhibit one imaginary frequency and IRC calculations
were performed to verify that the transition states connect the products
and reactants, respectively.*® All energies presented herein are zero point
corrected. For enthalpies and free energies the thermal contributions are
included for 298 K. DFT-GIAO*’ NMR shielding constants o(*'B) and
0(*°F) were calculated at the B3LYP/6-311++G(d,p) level of theory.

Il ASSOCIATED CONTENT

© Ssupporting Information. A table containing calculated
"F and "B NMR chemical shifts of borate anions containing
B—CN, B—CENCl, B—CF,NCl,, B—CF;, B—CF,Cl, and
B—CF,NCIF groups as well as '’F and "B NMR spectra of
selected borate anions. This material is available free of charge via
the Internet at http://pubs.acs.org.
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