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Short-lived (CF3)3B and (CF3)sBCF, are generated as intermediates by thermal dissociation of (CF3);BCO and F~
abstraction from the weak coordinating anion [B(CFs)4]~, respectively. Both Lewis acids cannot be detected because
of their instability with respect to rearrangement reactions at the B—C—F moiety. A cascade of 1,2-fluorine shifts
to boron followed by perfluoroalkyl group migrations and also difluorocarbene transfer reactions occur. In the gas
phase, (CFs)sB rearranges to a mixture of linear perfluoroalkyldifluoroboranes CyFa«1BF, (n = 2-7), while the
respective reactions of (CF3);BCF, result in a mixture of linear (n = 2—4) and branched monoperfluoroalkyldif-
luoroboranes, e.g., (C,Fs)(CF3s)FCBF,. For comparison, the reactions of [CF3BFs]~ and [C,FsBF3]~ with AsFs are
studied, and the products in the case of [CF3BFs]~ are BF; and C,FsBF, whereas in the case of [C,FsBF;],
C,FsBF; is the sole product. In contrast to reports in the literature, it is found that CF3BF; is too unstable at room
temperature to be detected. The decomposition of (CF3);BCO in anhydrous HF leads to a mixture of the new
conjugate Brgnsted—Lewis acids [H,F][(CF3)sBF] and [H2F][C,FsBFs]. All reactions are modeled by density functional
calculations. The energy barriers of the transition states are low in agreement with the experimental results that
(CF3)sB and (CF3)sBCF, are short-lived intermediates. Since CF, complexes are key intermediates in the
rearrangement reactions of (CF3);B and (CF3)sBCF,, CF, affinities of some perfluoroalkylfluoroboranes are presented.
CF, affinities are compared to CO and F~ affinities of selected boranes showing a trend in Lewis acidity, and its
influence on the stability of the complexes is discussed. Fluoride ion affinities are calculated for a variety of different
fluoroboranes, including perfluorocarboranes, and compared to those of the title compounds.

Introduction pounds are still uncommon as difluorocarbene soutdes.
the presence of strong-donor ligands tricoordinated tri-
fluoromethylboranes are stable, e.g., §eBNMe,.?2 CFs-

BF; is claimed to be stable at temperatures betof °C,

and it was trapped with trimethylamifelhe syntheses of
CFsBF; were also reported by usin@u,BCF; and BF; as
starting material§; but similar reactions did not verify the
observation. Hence its existence seems to be douistiul.
contrast, a great number of tetracoordinated boron com-
pounds containing trifluoromethyl ligands are well-known
in the literaturé:=2 Whereas tricoordinated trifluorometh-
ylboranes are rare, boranes with one perfluoroalkyl substitu-

In the course of our recent synthesis of the promising weak
coordinating anion [B(C§,]~,* we became interested in
studying its stability and decomposition pathways. Since the
degradation of the tetrakis(trifluoromethyl)borate anion is
initiated by F abstraction and the formation of the conjugate
Lewis acid (Ck)sBCF,, we became interested in studying
the properties of the difluorocarbene complex and related
trifluoromethylboron Lewis acids, especially (6}4B.

Tricoordinated trifluoromethyl boranes, e.g., @B, are
known to be unstable with respect to-B bond formation
and probably loss of difluorocarbefe but B—CF; com-
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ent, e.g., GFon1BF2 (n = 3, 6), are stablé:® To our

and the rearrangement as well as degradation reactions of

knowledge no unstabilized tricoordinate boranes of the typesthe intermediate (GfzBCF,, (iii) the heterogeneous reactions

(CiFant1)2BF and (GFan+1)3sB have been reported so far.
The tetrakis(trifluoromethyl)borate anion, [B(§H™, is

synthesized by fluorination of the tetracyanoborate anion,

[B(CN)4]~,***?2in anhydrous HF according to eqt1.

K[B(CN),] K[B(CF3),]

ClIFg/aHF @)

[B(CF3)4]~ forms many stable salts with a wide variety
of highly reactive cations, e.g., [Co(C&) ** and NO",*
and is stable under reductive (Na/jJHand oxidative
conditions (R/aHF), respectively. However, in the presence
of concentrated sulfuric acid, K[B(GJ] is converted to the
borane carbonyl (GJ:BCO according to eq %16

25°C
conc. SOy
(CF;);BCO(g) + 3HF(solv) (2)

[B(CF,),] (solv) + H,0"

The transformation of one of the ggroups to the CO
ligand involves the difluorocarbene complex BCR,,
which is immediately hydrolyzed in sulfuric acid. The
released borane carbonyl, (§4BCO, is stable up to 0C

of K[CF3BF;3] and K[CFsBF3] with AsFs, (iv) a detailed ab
initio study on the stabilities, fluoride ion affinities, and
reaction pathways of fluoro(perfluoroalkyl)boron compounds
and a comparison to related fluoroboron species, and (v) a
1%F NMR spectroscopic study on the reaction products.

Experimental Section

General Procedures and Reagents. (a) Apparatus/olatile
materials were manipulated in stainless steel or glass vacuum lines
of known volume equipped with capacitance pressure gauges (type
280E Setra Instruments, Acton MA, or type 221AHS-1000 MKS
Baratron, Burlinton, MA). The stainless steel line was fitted with
bellow valves (type BPV25004 Balzers and type SS4BG Nupro)
as well as with Gyrolok and Cajon fittings, while the glass vacuum
line was fitted with PTFE stem valves (Young, London) and NS14.5
standard tapers. The glass vacuum line was equipped with three
U-traps and connected to an IR gas cell (optical path length 200
mm, Si windows 0.5 mm thick) contained in the sample compart-
ment of the FTIR instrument. Anhydrous HF was stored in a PFA
tube (12 mm o.d., 300 mm long), heat sealed at the bottom, and
connected at the top to a stainless steel needle valve (3762 H46Y
Hoke, Cresskill, NJ). For synthetic reactions in HF, a reactor was

and at room temperature in suitable solvents, such gs SO used that consists of a 100 mL PFA bulb with a NS29 socket

or CH,Cl,, for a prolonged period of tim&:16In anhydrous
HF, (CFK;)sBCO forms a new conjugated Brgnsteldewis
acid, [HF][(CF3)3BF], (see eq 3) which has been shown to
be a useful reaction medium for the formation of the so far
unknown [Co(COJ|™ cation in a salt with the weak
coordinating anion [(C§sBF] .7

(CF,),BCO(solv)+ 2HF() —
[H,F][(CF3)3BF](solv) + CO(g) (3)

The tris(trifluoromethyl)fluoroborate anion is formed by
exchange of CO against FIn contrast, in nonacidic media,
(CR3)3sBCO reacts with fluoride ions under addition to the
carbonyl carbon atom, resulting in the formation of
[(CF3)sBC(O)F} .18

In this study we report (i) the rearrangement and decom-
position reactions of the intermediate (4B in anhydrous
HF and in the gas phase at room and elevated temperature
(ii) the reactions of K[B(CE)4] with selected Lewis acids
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standard taper (Bohlender, Lauda, Germany) in connection with a
PFA NS29 cone standard taper and a PFA needle valve (type 204
30 Galtek, Fluoroware, Chaska, Minnesota). The parts were held
together with a metal compression flange, and the reactor was
leakproof (<10~ mbar L s'1) without using grease. Alternatively,

a V-shaped reactor consisting of two PFA tubes (12 mm o.d., 100
mm length) and a PFA needle valve (Fluoroware, MN) with an
approximate volume of 25 mL was used. Volatile products were
stored in flame-sealed glass ampules under liquid nitrogen in a
storage Dewar vessel. The ampules were opened and resealed using
an ampule key?

Matrix-isolated samples were prepared by passing a gas stream
of Ar (~3 mmol h) over the sample placed in a small U-trap in
front of the matrix support. The U-trap containingFeBF, was
kept at —150 °C. Details of the matrix apparatus have been
described elsewhefé.

(b) Chemicals.Anhydrous HF (Solvay AG, Hannover, Germany)
as well as all standard chemicals and solvents were obtained from

S.commercial sources. (GEBCO was prepared through the acidic

hydrolysis of K[B(CF)4] with H,SO, as reported®16 K[B(CFs),]
was synthesized as described previously from K[BFNK[CFz-
BF;] was formed as side product in some syntheses of K[B{LF
A sample of K[GFsBF;] was obtained from Dr. N. V. Ignat’ev
(Merck KGaA, Darmstadt, Germansj.

(c) Synthetic Reactions. (1) Decomposition of (GfzBCO in
aHF in the Presence of KHR. A 100 mL PFA reactor, fitted with
a PTFE coated magnetic stirring bar, was charged with 1.20 g (15.4
mmol) of KHF,. The PFA vessel was connected to a glass vacuum
apparatus and set under vacuum to remove all volatile compounds.
A 810 mg (3.3 mmol) portion of (C§z:BCO was condensed in
vacuo into the PFA reactor at196 °C. The PFA vessel was

(19) Gombler, W.; Willner, HJ. Phys. E: Sci. Instruml987, 20, 1286.

(20) Argtello, G. A.; Grothe, H.; Kronberg, M.; Willner, H.; Mack, H. G.
J. Phys. Chem1995 99, 17525.

(21) Ignat’ev, N. V.; Schmidt, M.; Welz-Biermann, U.; Weiden, M.; Heider,
U.; Miller, A.; Willner, H.; Sartori, P. (Merck KGaA). German Patent
DE 10216998.5y, 2002.
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-150.1 - -153.3

BF"3_I )

1B andF NMR Data of Linear Perfluoroalkylborates

&'B)=-1.1--14
"J("'B,"F): 'J=02-3.5

1 419 ,10/11 _

APF(MB) =0.052 - 0.054

"J(°F,°F): 20 =2.4
&'"'B)=-1.3
"J("B,°F): ' =393;2r =325
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CF J(PC,F): S =312
-75.0 -155.4 ]AIQF(IZ/UC): Aa — 01276, IAI9F(I0/IIB) = 00648
i nJ(|9F,19F): 3Jﬂb=0.7;4‘}uc=449; 315
-136.01 _l &"'B)=-0.7
CF®, "J("'B,"F): 'J* = 40.9; %" = 19.6
CF"=‘3/ ~gFe, J(3C,°F): ' = 284.1; = 259.4
8320 15349 AE(PRC): 4 =0.1209; 4°= 0.1147
:jgc'l"’F,“’F):B"JT =93;5=27,°/*=1.6/1.6;
- =52;3/=18
-127.57 -152.84_| &'B)=-0.7
/CF"z BFY3 "J('B,°F): ' = 41.0;2F = 19.7
CFay SCFe J(PC,F): J* = 286.9; J° = 258.4; J = 261.3
8043 13383 'APF(YPC): A =0.1249; £ =0.1148; £°=0.1150
"JOF,°F): 4 = 9.9; 6 =3.9; ° ) = 5.0/0.0;
-125.66 -133.16 _| - :J"d =12.7/12.7; 3¢ =3.1;° 4 = (2.512.5); *J€ = 5.5;
= (1.
CFb, CFd, f:l (_ 3
PG &"'B)=-0.7
CFag CF BF3 "J(''B,°F): '/ = 40.9;°F = ~19
-80.66 -123.88 -152.64 J(RCF): S =286.7; 'AF("VBC): A =0.1252
-125.58 -123.21 -152.63_|
CF®, CF4, BFf3 "J(F,PF): U =10.1; 7 =3.1
_ _ , ;
cre” NeFh  cFe, &'"'B)=(-0.7)
-80.41 -122.32 -132.92
12538 -121.53 -132.86 _| B
CF?, CFY, CF, "J(°F,¥F): 4 =10.2; /=28
Nl SN &"B)=(-0.7)
CFay CFe, CFe, BF9;
-80.34 -122.16 -123.00 -152.6
-125.3 -121.34 (-122.9) (-152.6)—| )
CFb, CFd, CFf, BFh, "JOF,°F): 4FC = ~10; 6 = ~2.5
/ ~~l ~~Zl ~ &"'B) =(-0.7)
CF2y CF%, CF®, CF9,
-80.28 -121.95 -121.34 (-132.8)

attached to a stainless steel vacuum line, and 3 mL of anhydrous (2) Decomposition of (Ck)sBCO in Neat aHF. One sidearm

HF was added at196 °C. Upon warming the reaction mixture to  of a V-shaped 25 mL PFA reactor was fitted with a PTFE coated
room temperature, the HF became liquid, and at approximat2l/ magnetic stirring bar and was charged with 160 mg (2.6 mmol) of
°C, the white KHF, and (CR)sBCO dissolved in the HF. The  NaF. The PFA vessel was connected to a glass vacuum apparatus
reaction mixture was stirred fal h atroom temperature. After and set under vacuum to remove all volatile compounds. A 310
cooling to—100°C, the gas phase above the clear colorless solution mg (1.3 mmol) portion of (C§:BCO was transferred in vacuo into
was investigated by IR spectroscopy. The main components of thethe second sidearm of the PFA reactor-496°C. The PFA vessel

gas phase were identified as CO and HGhd small quantities of  was attached to a stainless steel vacuum line, and 3 mL of anhydrous
BF; were also found. All volatile compounds were removed under HF was added to the borane carbonyl-&t96 °C. The reaction
reduced pressure, and the white residue was suspended in acetanixture was warmed to room temperature and stirred for 1 h. The
nitrile. The suspension was filtered to remove excess KHRe clear colorless reaction mixture was poured at room temperature
solvent was removed using a rotary evaporator giving a white solid. onto the NaF and stirred for further 10 min. All volatile compounds
The solid was dissolved in GBN and investigated by'B and were removed under reduced pressure, and the white residue was
19F NMR spectroscopy. It consisted of 77.1% K[4BF]* and suspended in acetonitrile. The suspension was filtered to remove
22.9% K[GFsBF;] (see Chart 1). excess NaHJ: The solvent was removed using a rotary evaporator
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giving a white solid. The solid was dissolved in IN and Chart 2. 1B and%F NMR Data of [(GFs)(CFs)FCBFs]~

investigated by*'B and 1% NMR spectroscopy. It consisted of 11856 -119.41 _| O SOy 4 = 10.6: /4 = 4.7:

29.5% Na[(CR)3BF],! 69.8% Na[GFsBF3], and 0.7% Na[B] (see pr R Spe 25 6, L = 294730 = 7.2

Chart 1). -147.10 Pe=62;00=17.6; "0 =13.4;
(3) Gas-Phase Decomposition of (Gfz-BCO: Procedure A. BF°3 :ﬂ:ffé}:ﬂef;;; V=8

A 100 mL PFA reactor was connected to a glass vacuum apparatus ~ CF% gm0l

and charged with 320 mg (1.3 mmol) of (§8BCO by vacuum -80.36 / . "J("'B,F): ' =40.5;2° =128

transfer at-196 °C. The reactor was warmed to room temperature _209':75 (73(::5]3

and kept at this temperature for 20 h.

A 50 mL round-bottom glass flask equipped with a valve with g, was charged with 1.0 g (23.8 mmol) of NaF and 10 mL of
a PTFE stem (Young, London), fitted with a PTFE-coated magnetic cH,CN. The content of the glass finger was vacuum transferred
stirring bar, was charged with 200 mg (4.8 mmol) of NaF and 10 jnto the glass flask at-196 °C and stirred for 10 min at room
mL of CH;CN. The PFA reactor was cooled t0196 °C and the  temperature. The suspension was filtered to remove excess NaF,
CO was removed in vacuo. The content of the PFA reactor was ang the solvent was removed using a rotary evaporator yielding a
vacuum transferred into the glass flask-&t96 °C and stirred for  white solid. It consisted of a mixture of perfluoroalkylborates as
10 min at room temperature. The suspension was filtered to removejqentified by theirl9F NMR spectra. The main components of
excess NaF, and the solvent was removed using a rotary evaporatoperfluoroalkylborates were the following: 7.6% Na[BF43.3%
yielding a white solid. It consisted of a mixture of linear perfluo- Na[C,FsBF3], 13.1% Na[GF/BF3], 0.5% Na[GFBF3], 32.8% Na-

roalkyl borates as identified bj*F NMR spectroscopy of the  [(C,Fs)(CF)FCBF], 1.6% Na[(GFs),FCBF], 1.2% Na[(GF)-
following composition: 1.6% Na[Bff, 26.0% Na[GFsBF3], 39.4% (CF:)FCBF] (see Charts 1 and 2).

Na[CsF/BF3], 22.8% Na[GFeBFs], 7.9% Na[GF11BFs], 1.6% Na- (6) Reaction of K[CF3BF3] with Gaseous Ask. A sample of
[CeF1BF4], and 0.7% Na[GF.sBF] (see Chart 1). K[CF3BF3] (198 mg, 1.13 mmol) was added to a 100 mL PFA
(4) Gas-Phase Decomposition of (GBCO: Procedure B. reactor. The PFA vessel was connected to a glass vacuum apparatus

A 40 mg (0.16 mmol) portion of (C§BCO was vacuum  and set under vacuum to remove all volatile compounds. A 102
transferred into a 500 mL round-bottom glass flask equipped with mg (0.60 mmol) portion of AsfFwas transferred in vacuo into the

a valve with a PTFE stem (Young, London), al96 °C. The PFA reactor at-196°C. The reaction mixture was warmed to room
borane carbonyl was allowed to warm to room temperature and temperature and stored for 28 h.

stored fo 4 h (~22 °C). The flask was cooled te-196 °C, and A 50 mL round-bottom flask equipped with a valve that has a
CO formed during the reaction was removed under reduced PTFE stem (Young, London), fitted with a PTFE-coated magnetic
pressure. The residue was transferred m# mmo.d. NMR tube, stirring bar, was filled with 100 mg (2.4 mmol) of NaF and 10 mL
and 1.5 mL of dry CFGlwas added. The NMR tube was flame  of CH;CN. The content of the PFA reactor was vacuum transferred
sealed and warmed to°C. The tube was placed inside a thin walled into the glass flask at196 °C and stirred for 10 min at room

5 mm o.d. NMR tube with a CELN film between both tubes. The  temperature. The suspension was filtered to remove excess NaF,
NMR spectra were recorded atG. The mixture consisted of BF and the solvent was removed using a rotary evaporator yielding a
a mixture of linear perfluoroalkylboranes, and @=BCO as white solid. The solid was dissolved in GON and investigated
identified by their'® NMR spectra of the following composition: by 1B and 1%F NMR spectroscopy. It consisted of 65% Na[pF
2.8% BFg, 29.4% GFsBF2, 28.0% GF/BF, 10.6% GFsBF, 3.1% and 35% Na[GFsBF] (see Chart 1) as well as minor amounts of
CsF11BF, 0.7% GF13BF, and 25.4% (CE)sBCO. NMR data of  unidentified products.

the boranes!’B NMR (96.92 MHz, CFCJ, 0°C, BF:*OEb): BFs, (7) Reaction of K[C,FsBF3] with Gaseous Ask. A 10 mL glass

4 9.9 ppm1J(*B,1%F) = 16.5 Hz; (GFzn+1)BF2 (N = 2-6),0 19.5 finger equipped with a valve that has a PTFE stem (Young, London)
ppm; (CR);BCO, 6 —18.2 ppm 2J(*'B,19F) = 33.1 Hz.'F NMR was charged with 259 mg (1.15 mmol) of KfgBF3]. The white
(282.41 MHz, CFQ, 0°C, CFCh): BF3, 0 —126.4 ppm{J(*'B,'%F) salt was dried overnight and then 48 mg (0.28 mmol) of AsEre

= ~16 Hz; GFsBF;, 6(CF%) —84.4 ppm,0(CP;) —134.7 ppm, transferred in vacuo into the PFA reactor-&t96 °C. The reaction
0(BF%) —75.6 ppm2J(B,*9F°) = 20—30 Hz,J(*9F,19F°) = 3.9 mixture was warmed to room temperature, and the further reaction
Hz; CoF7BF», 0(CF%) —81.6 ppm,o(CF%) —129.4 ppm6(CF=) was monitored by IR spectroscopy. Aftg h the reaction was
—134.3 ppm,d(BFY%;) —75.6 ppm,2J(11B,2%Y) = 20-30 Hz, completed, and &sBF, was obtained with slight impurities of BF
4J(1F2 ) = 8.0 Hz; GFBF,, 0(CF%3) —81.6 ppm,o(CP%) 118 NMR (96.92 MHz, CFC}, 0 °C, BFRy-OEb): ¢ 19.5 ppm.19F
—127.3 ppmp(CF) —126.1 ppmy(CF) —134.7 ppmH(BF2,) NMR (282.41 MHz, CFGJ, 0 °C, CFCE): o(CF) —84.4 ppm,

—77.0 ppm,AJ(*FA1FC) = 9.2 Hz,5J(*9F3 1) = 1.9 Hz; GFir- S(CP,) —134.7 ppm,0(BF,) —75.6 ppm 2J(11B,19F¢) = 20-30

BF,, 0(CP%) —81.6 ppm,o(CP,) —127.0 ppm,0(CF,) —122.5 Hz, 4J(19F319F¢) = 3.9 Hz.

ppm, 6(CF%) —126.8 ppm J(19F219%F¢) = 9.8 Hz,>J(*9F319F) = (d) Instrumentation. (1) Vibrational Spectroscopy.Gas-phase

2.4 Hz; GF13BF;, 0(CP%) —126.6 ppm,6(CF2) —123.4 ppm, infrared spectra were recorded with a resolution of 2tin the

0(CF%;) —121.7 ppm; (CB)3sBCO, 6 —58.7 ppm,2] = ~33 Hz. range 5006-400 cnt! on a Bruker IFS 66v FTIR instrument.
(5) Reaction of K[B(CF3),4] with Gaseous Ask. A 10 mL glass Matrix infrared spectra were recorded using another Bruker IFS

finger equipped with a valve that has a PTFE stem (Young, London) 66v FTIR spectrometer in the reflectance mode employing a transfer
was charged with 169 mg (0.52 mmol) of K[B(§F. The flask optic. A DTGS detector, together with a KBr/Ge beam splitter, was
was connected to a glass vacuum apparatus and set under vacuumsed in the region 5000400 cnt?. In this region, 64 scans were

to remove all volatile compounds. A 51 mg (0.30 mmol) portion CO added for each spectrum using an apodized resolution of 1.2

of AsFs was transferred in vacuo into the glass finger-496 °C. cm L,
The reaction mixture was warmed to room temperature and stored  (2) NMR Spectroscopy 19 and!B NMR spectra were recorded
for 20 h. at room or at low temperatures on a Bruker Avance DRX-300

A 50 mL round-bottom flask equipped with a valve with a PTFE spectrometer operating at 282.41 or 96.92 MHz fér and'B
stem (Young, London), fitted with a PTFE-coated magnetic stirring nuclei or on a Bruker Avance DRX-500 spectrometer, operating at
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470.59 or 160.46 MHz fot°F and!!B nuclei, respectively. The
NMR signals were referenced against CEFCIF) as internal
standard and BFOEtL in CDsCN (B) as external standard.

Finze et al.

the introduction of the (C§};B fragment into a variety of
molecules, it is of interest to investigate the decomposition
pathway of (CE)sBCO to gain a deeper insight into the

Concentrations of the investigated samples were in the range.0.1 chemistry of the transient Lewis acid (§§B. The products

mol L=1. Samples were prepared in 5 mm NMR tubes, equipped

with special valves with PTFE stems (Young, Lond&pry CDs-
CN was used as solvent.
(3) Computational Section.Quantum chemical calculations were

performed to support the experimental results presented in this stud)/n

of the gas-phase decomposition are linear perfluoroalkylbo-
ranes which are formed by a cascade of intramolecular
fluoride ion abstractions from GHRigands and perfluoroalkyl
igrations to the initially formed difluorocarbene complexes.

and to understand the reaction pathways for the isomerization | n€ formation of boranes with perfluoroalkyl chains other

reactions of (CE)s;B and (Ck)sBCF, mainly leading to GFBF;
and (GFs)(CR)FCBR, respectively. DFT calculatiofs were
carried out using the B3LYP meth¥fd?6 with the basis sets
6-311G(d) and 6-31tG(d) as implemented in the Gaussian 98
program suité? Frequency calculations were performed for all

than GF- is also observed and is due to either loss of CF
(the formation of GFsBF,) or trapping of Ck by C\Fani1-

BF; followed by migration of GFon+1. A similar degradation
reaction of (CE)3sBCO was also observed in anhydrous HF,
and hence, we have included these results in this report. To

species employing the basis set 6-311G(d), and all structuresproye our proposed reaction mechanism, the fluorine and

represent true minima without imaginary frequencies on the

respective hypersurface. Geometries and energies were recalculate
using the 6-311G(d) basis set because the accuracy of the energies

of anions is improved with the incorporation of diffuse functiéhs.

Frequency calculations with the more time demanding basis set

6-3114+G(d) were performed only for a few model compounds,
for example (CB)sB and [B(CR)4] ~, and the wavenumbers are very

close to those calculated with the basis set 6-311G(d). Hence,

correction terms derived from calculations with 6-311G(d) were

erfluoroalkyl shifts, we have studied the degradation of

Fs)sB giving CsF7BF, by quantum chemical calculations.
All reaction intermediates and transition states were calcu-
lated. The small barriers found for the fluoride and perfluo-
roalkyl migrations help to explain why only monoperfluo-
roalkylboranes are observed as products.

The abstraction of a fluoride ion from [B(G)z]~ leads
to the transient difluorocarbene complex gEBCF, which

used. Transition states exhibit one imaginary frequency, and IRC should react with HF to give the novel conjugated Bransted
calculations were performed to verify that the transition states | ewis acid, [HF][B(CFs)4]. Although ab initio calculations

connect the products and reactants, respectféR/All energies

predict an even higher stability for (gsBCF, against loss

presented herein are zero point corrected. For enthalpies and freeof the neutral ligand than for (GRBCO, similar to the

energies, the thermal contributions are included for 298 K.

Results and Discussion

(I) Investigation of the Transient Lewis Acids (CF;)3B
and (CF3)3sBCF,. All attempts on the synthesis of the free
Lewis acid tris(trifluoromethyl)borane, (GfB, have failed
so far. Recently we reported on the synthesis ofs{¢BCO

attempted synthesis of (gB, the isolation of (Ck);BCF,
failed. The products of the gas-phase degradation of)¢CF
BCF; are linear and also branched pefluoroalkylboranes. This
result indicates a similar rearrangement process as discussed
above for the decomposition of (gEB. We have studied

the degradation process of (§4BCF, by density functional
theory to confirm our proposed rearrangement mechanism

which has been shown to behave in some reactions as &g glready described for (§)EB.

synthon for (CE)sB, for example in the formation of (GJz-
BNCCH; with acetonitrilé® or the reaction with anhydrous
HF to [HaF][(CF3)sBF].Y” Furthermore, (CE;BCO undergoes
ligand exchange witA3CO in the gas phase as proven by
the synthesis of (CG§:B*3CO. Since (CE)3BCO is a useful
reagent for the generation of weak coordinating arfitarsd

(22) Gombler, W.; Willner, Hint. Lab. 1984 84.

(23) Kohn, W.; Sham, L. JPhys. Re. A 1965 140, 1133.

(24) Becke, A. D.J. Chem. Physl993 98, 5648.

(25) Becke, A. DPhys. Re. B 1988 38, 3098.

(26) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 41, 785.

(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A.Gaussian 98 revision A.6; Gaussian, Inc.:
Pittsburgh, PA, 1998.

(28) Rienstra-Kiracofe, J. C.; Tschumper, G. S.; Schaefer, H. F., Ill; Nandi,
S.; Ellison, G. B.Chem. Re. 2002 102, 231.

(29) Gonzales, C.; Schlegel, H. B. Chem. Phys1989 90, 2154.

(30) Gonzales, C.; Schlegel, H. B. Phys. Chem199Q 94, 5523.
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(a) Decomposition Reactions of (CE)3sBCO in Anhy-
drous HF and in the Gas Phaseln anhydrous HF, (C§s-
BCO forms the new Brgnsted_ewis acid, [HF][(CFs)sBF]
(see eq 3). In the presence of FOO) mainly [Co(CO}]-
[(CF3)3BF] is formed (eq 4), and only small quantities of
[C.FsBF3]~ salts are observed as side produdéts.

Co,(CO), + 2(CF;);BCO + 2HF —
2[Co(CO)[(CF,)sBF] + H, (4)

If the reaction is carried out in the presence of KHF
instead of Cg(CO), 23% of [GFsBFs;]~ and 77% of
[(CF3)sBF]~ are formed. The product distribution is reversed
to 70% of [GFsBF3]~ and only 30% of [(CE)sBF]™ if no
KHF; is added due to the enhanced acidity. The FjeB+]~
anion is the product of the carbonyl group exchange of
(CR3)3sBCO by F. For the formation of the [(&s)BFs]~
anion, an intramolecular rearrangement mechanism is pro-
posed (Scheme 1). The ratio of both anions formed,
[(CF3)3:BF]~ and [GFsBF;]~, strongly depends (i) on the
availability of F~ in the HF solution (the more Hs available
the more (CE)3B is trapped as [(C§JsBF] ) and (ii) on the
acidity of the HF solution (the more acidic the reaction



Transient Lewis Acids (Ck)sB and (CFs)3sBCF;

Scheme 1. Reaction of (CE)3sBCO in Anhydrous HF AE(298 K))2
+F

CcO
(CFBCO ~——=— (CF)B ————— -539Kimol’!

-102.2 kJ mol-1 . : N
(4G =-52.3 KJ mol™!) F q 497K mot” [(CF3);BF]

_F | .
(CF3),BF(CF,) -484.2 kJ mol’!

CFy q -105.2 kJ mol™!

IR absorption

(C,F5)(CF3)BF
F'(i +9.7 kJ mol!

CoF5sBF,(CFy)
-CF, l +42.1 kI mol”! (4G = -11.0 kJ mol™)

1400 1200 1000 800 600

wavenumber / cm’!
Figure 1. Gas phase and solid state IR (Ar matrix) spectra gfsBF,.

C2F5BF2 [CZFSBFS]-

-401.2 kJ mol™!

aEnergy: B3LYP/6-311+G(d). ZPC and thermal corrections: B3LYP/ . .
6-311G(d). formation of GF4 occurs due to the low concentration of

. _ ~ CF,. Addition of BF; to (CFs)sBCO does not change the
medium is, the more the equilibrium between [(zBF] course of the reaction, and a nearly identical product

and (Ck);BF(CF) shifts toward the difluorocarbene com- ;o mhosition is observed. Hence, B the weakest Lewis
plex). The rearrangement is either initiated by an intramo- 4.4 in this reaction mixture. On the other hand, ;B§
lecular fluoride ion shift from one GFgroup to the B atom  ;5napie of reacting with GFo yield living polymers under
of (CF)sB or an intermolecular fluoride ion abstraction from - herma| and photolytic conditions with difluorodiazirine as
one Ck ligand in [(CR)sBF]~. The next step is an intramo- CF. source in great acces?2
lecular migration o_f one C;Fgroup_ in the carbene_complex The reaction of K[CEBF4] with AsFs at room temperature
(CF):BF(CF,). This step explains the formation of & o4 (g 4 mixture of B and GFsBF. which were detected
perfluoroethyl group. A further intramolecular Bhift from as their corresponding borate anions after reaction with NaF
the remaining Cigroup followed by loss of difluorocarbene CH4CN. No [CRBF]~ was found after treatment with
and the addition of a fluoride ion from HF results in  NaF The instability of CEBF, is explained by dissociation
[CZFSBFg]—.'leluorocarbene is immediately trappgd by HF into CR, and BF; followed by trapping of CEwith CFsBF,
as HCE which was observed by IR spectroscopy in the 9as g GF.BF, which is in agreement with the rearrangement
phase over the HF solution. _ reactions discussed above.

The decomposition of (GBCO in the gas phase has |, contrast to CEBF,, C,FsBF, can be synthesized from

already been investigated by tishut some of the results (¢ F.BF;] by abstraction of one Fion with AsFs according
must be reinterpreted. To underline the reinterpretation, new; eq 6.

additional experiments have been performed as described in
the Experimental Section. To prevent side reactions with the K[C,FsBF4] + AsF, — C,F.BF, + K[AsF] (6)
glass walls, the reaction was performed in PFA vessels. The

resulting gaseous reaction mixture was reacted with sodium he product was unambiguously characterized by NMR

fluoride in _acetonltrlle to_convert the boranes into the spectroscopy (see Experimental Section). The gas-phase IR

c_orrespondlng borates. Thls procedure has two advantageSépectrum of GFsBF, is displayed in Figure 1, and the

(i) the borates are easier to handle because they argicylated wavenumbers are in good agreement with the

nonvole_mle salts, and (ii) borate anions usually exhibit sharper experimental values (Table 1). In addition, calculated and

NMR signals as the related boranes. reporte@” wavenumbers for GJBF; are also compared. In
The formation of the observed linear perfluoroalkylborates -qgntrast to GFBF,, the experimental values reported for

[CoFn1BFs] ™ (n = 2-7) can be rationalized by initial  crBF, strongly deviate from the calculated data. Hence it

formation of the carbene complexfBF(CF,) as shown g yery Jikely that the IR spectrum of GBF, &7 has never

in Scheme 1. This carbene complex can undergo two peen observed.

reactions: (i) the reversible dissociation intgFEBF, and Comparison of the IR spectrum ob&BF, in Ar matrix
CF, or (i) the irreversible migration of the £ group 0 4; 16 K (Figure 1) with the reported IR matrix spectrum of
the carbon atom of the difluorocarbene ligand (eq 5). the low pressure thermolysis products (18) of (CFs)s-
+ BCO reveals that gFsBF, is the main product of the
C,F5BF, CF, 5D 2
CoF sBF(CFy) - ) thermolysis besides CO and £MHence the possible ther-
s CAF-BF molysis products of (C§sBCO like (CFk)sB, (CF;).BF, and
3r7bir2

CFsBF; are all very short-lived species, and the rearrange-
The formation of perfluoroalkyl chains with more than ment process to yield £sBF, must be very fast.
two CF, groups is due to trapping of GPoy CsF/BF, (b) Rearrangement Reactions of (Ck)s;BCF,. All at-
followed by transfer of the perfluoroalkyl chain to the C atom tempts to isolate the difluorocarbene complex {GBCF,
of the carbene ligand. Repeated ,Gieldition followed by .
(31) Ogden, P. H.; Mitsch, R. Al. Heterocycl. Chenil968 5, 41.

migration of the perfluoroalkyl gro'up Ie"’?ds to chain growth. (32) Mitsch, R. A.; Ogden, P. H. (Minnesota Mining and Manufacturing
IR spectra of the gaseous reaction mixture reveal that no Company). United States Patent US3,493,629, 1970.
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Table 1. Observed and Calculatt®&and Positions [cm!] and IR Intensities [km mol'] of CFsBF, and GFsBF;

CRBF, CoFsBF,
calcc? expt calcd expt(sy expt(gy
v | v v | v v assignment
1502 1509 m 1509 m vad19BF>)
1448 336 (1460) m 1448 355 1458 Vs 1457 Vs vad1BF,)
1431 13 1374 103 1374 m 1377 m vs(BFy)
1137 311 S 1311 194 1323 S 1341 S vs(CFs)
1156 265 (1190) S 1218 151 1229 S 1222 S vadCF3)
1101 249 (1080) S 1193 265 1207 VS 1222 VS vadCF3)
1133 244 1135 Vs 1139 'S vs(CF)
1124 131 1135 Vs 1139 'S va{CF)
978 105 980 S 990 S v(CC)
753 0.3 748 10 754 w n.o. 04(CHR)
692 48 (690) w 703 16 690 w 691 w 7(BF2)
595 51 602 44 607 m 607 w 04(BF2)
545 0.1 589 0.8 82{CF3)
545 36 543 m 84CF)
499 9 521 22 525 m 0a{CFs)
378 1.8 470 0.1 p(BF2)
186 6 356 0.3 p(CF3)
174 3.4 347 0.6 p(CFs)/7(CF)
329 0.2 312 0.5 »(BC)
267 35 w(CR)
213 1.0 7(CF)/p(CF)
179 3.7 p(CF)
112 1.0 5(BCC)
46 0.00 7(CF)
6 0.05 8 0.00 7(BF»)

aB3LYP/6-311G(d).? Attributed band positions for (GBF,. Further unassigned bands: 14QB50w, 1255m, 1160w, 1040m, 850m, 845m, 7Z5w.
¢ Ar matrix, this work.4 Gas-phase spectrum at room temperature, this work.

Table 2. Calculated F~, CFk, and CO Affinities of Perfluoroalkyl Boranes and Selected Bond Parameters of the Addition Products

F~ affinity CF; affinity CO affinity
—AE  —AH -AG dB-F) —-AE  —AH -AG dB-CR) —-AE —AH —-AG d(B—CO)
compd kJmol! kJmolr?! kJmol? A kdmol! kJmol! kJmol? A kdmolt kImoll kJmol? A
BFs 329.7 332.2 293.4 1.417 18.6 211 -19.0 1.771 0.1 25 —24.1 2.95%
CRBF, 392.6 395.1 349.5 1.412 42.4 449 —145 1.719 2.1 4.6 —-31.2 2.887
(CRs)2BF 460.8 463.3 422.8 1.413 101.3 103.8 51.3 1.624 25.1 27.6—15.2 1.722
(CR)3B 533.9 536.4 490.9 1.419 171.0 1734 1194 1.593 102.2 104.7 52.3 €1.589
CoFsBF, 401.2 403.6 362.1 1.410 42.1 446 —-11.0 1.742
CsFBF, 402.6 405.1 368.3 1.408 39.1 41.5 5.9 1.745
C4FoBF; 406.4 408.9 368.7 1.408
(CoFs)(CFs)- 4019 4044 3634  1.404

FCBR,

aEnergy: B3LYP/6-313G(d). ZPC and thermal corrections: B3LYP/6-311G{Expt values: AH = —7.6 4 0.3 kJ mot1,33 d(B—CO) = 2.886(5)
A.34 cExpt values: d(B—CO) = 1.617(12) A (gas phase), 1.69(2) A (solid stdfe).

failed, although DFT calculations predict a higher stability Table 3. Calculated F~-Affinities of the Carbene Complexes
against elimination of CFthan of CO from (CE:BCO  (CR)WBF-CR (n=0-3)

(Table 2). Attempted syntheses for this target molecule F~-affinity

include (i) the reaction of [PJC][B(CFs)4] with EtsSiH and —AE —AH —AG
iPrAl, (i) the reaction of NO[B(CE)4] with MesSiSiMe;, compd kJ mol* kJ mol™ kJ mol™*
(iii) the thermolysis of p-CICsH4NZ][B(CF3)4] or [0-EtCsH4N]- BF;3(CR) 443.3 445.8 400.2
[B(CFs3)4], and (iv) the reaction of K[B(C§4] with SbFs. &F;SZFQ(FC@Z) o P ia82
All reactions resulted in complex product mixtures, and in  (Cr,):BCR, 506.0 508.5 458.3

some cases, £sBF, could be identified as a product. £ B o
. ; . : a : B3LYP/6-313+G(d). ZPC and thermal : B3LYP/
Since the reaction of K[B(Cf] with Sbk is very 6_31126(3)./ @ and thermat corrections
vigorous, Ask was chosen as a weaker and gaseous Lewis
acid. The boranes formed after the selghs reaction of  _ 434 4 k3 motl) (Table S1) and (C§sBCF, (AH = 508.5

K[B(CFs)d] with AsFs were vacuum transferred onto NaF 5 mor1) (Table 3) indicate that no reaction should occur.
with acetonitrile and reacted to the corresponding borates

which were analyzed by NMR spectroscopy. The fluoride _ _
ion abstraction from [B(CH.]~ with AsFs proceeds easily ~ [B(CFad + AsFs— (CF;);BCF, + [AsK]
although the calculated gas-phasedffinities of Asks (AH AH = +74.1 kI mol* (7)
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Scheme 2. Rearrangement of (GfzBCF; in the Gas PhaseAE(298 K))2

[B(CF3)4I" (CF3);BCF,
-1
-506.0kJ mol CFy q -29.4 k) mol’!
(CoF5)(CF3),B
F q -52.9 kJ mol™!
(C5F5)(CF3)BF(CFy)
|
CoFy (i -101.9 kJ mol”! CFy (i -102.1 kJ mol™!
(C5F7)(CF3)BF (CoF5),BF
|
F q +11.1 kJ mol™! ) "
F q +64.8 kJ mol
C;F;)BF,(CF -37.3 kJ mol!
(C3F7BFA(CF2) C,FsBF,(CFCF;) “CoFs | (4G = 913 kI mol')
. B +39.1 kJ mol’! , 0
CsF; d‘ -158.2 kJ mol! -CF, l (4G =+5.9 kI mol)) CoFs q -245.7 kI mol
C4FoBF, C;F;BF, (C,F5)(CF3)FCBF, C,FsBF,

aEnergy: B3LYP/6-313G(d). ZPC and thermal corrections: B3LYP/6-311G(d).

However, the higher lattice ener§yof K[AsFg] (Upot = Scheme 3. Formation Pathways of Branched Perfluoroalkylborates
—579 kJ mot™; Vinel = 120 A3) in comparison to K[B(CE),] (C5Fs),BF (C5F7)(CF3)BF
(Upot = —479 kJ mot?; Vo = 244 A3) makes the reaction *CFZl +C}«‘zl
exothermic.

(CFsLBF(CEy)  (C3Fy)(CF5)BF(CFy)
K[B(CF.),] + AsF; — (CF.),BCF, + K[AsF{] CFS CEy
AH = —25.9 kI mol* (8) !

(C3F7)(C,F5)BF
The carbene complex (GREBCF, formed initially is '
unstable and undergoes rearrangement reactions leading to ”i F'q
the formation of linear perfluoroalkylboranes. In addition, C3F;BF,(CFCF;)  C,FsBF,(CFCF,CF3)
branched perfluoroalkylboranes are observed. The formation CFr q Cst-q
of the main products £sBF, (43.3%), GFBF; (13.1%),
and (GFs)(CFs)FCBF, (32.8%) can be explained according (C3F7)(CF)FCBF,  (CFs),FCBE,

to Scheme 2. The initial step of the rearrangement proces
is a Ck group migration to the GHigand followed by an
intramolecular fluoride ion abstraction from one of the two
remaining Ck groups. The transfer of either €Br CFs in

Sthe difluorocarbene complexes that are involved in the
reaction steps described above. Alternative reaction pathways
for (C,Fs).BF are shown in eq 9.

(C.Fs)(CR;)BF(CF,) leads to the formation of (4Es).BF or . (CoF5)F2BCFCF, -

(CsF7)(CF:)BF, respectively. A further fluoride ion abstrac- = X

tion |n.(CgF7)(CF3)BF to yield (QF7_)BF2(CF2) .followed by (CoF s)BF =% CFsBF, + CoFs  (9)
migration of GF; or loss of CFk gives the final products (1.3) F

C4FoBF, and GFBF;, respectively. (6F7)BF;(CF,) can
dissociate into the borane and Qfee to the decreased Lewis
acidity of boron compared to boranes with more than one
perfluoroalkyl group. Unexpected is the instability obEg),-

BF under the reaction conditions: it was not found in the
reaction mixture. Since the boron atom inkg),BF is more
Lewis acidic than boron in monoperfluoroalkylboranes,
intramolecular fluoride ion abstraction occursF§)(CFs)-
FCBF, is formed via GFsBF;(CFCFs) although the inter-
mediate monofluorocarbene complex is less stabilized than

Both routes, (i) a cascade of two 1,2-fluorine shifts as well
as (ii) a 1,3-fluorine shift, lead to the formation offsBF,
and GF,.

Since GF/BF,(CF,) acts as a difluorocarbene source, the
formation of other branched boranes3%) can be under-
stood as presented in Scheme 3.

(c) Computational Results for the Model Systems:
CF3BF, and C,FsBF,. The simplest trifluoromethylfluo-
roborane, CEBF,, is unstable with respect to reversible
dissociation into BgFand CF, followed by trapping of Ck
(33) Sluyts, E. J.; van der Veken, B.I.Am. Chem. Sod996 118 440. by CRBF; as shown in the Experimental Section. In contrast
(34) Janda, K. C-EBerngteér&Lé ?-C;QStSeg;!LiJ.M.;Novick, S. E.;Klemperer, to CRBF,, no decomposition at room temperature was
(35) Y]\gn\]kirfg:nll-l.CD.egT; Roobotiom, H. K. Passmore, 1. Glassdndg. observed for GFsBF,. These results are surprising when

Chem.1999 38, 3609. compared to the isoelectronic carbocations; ;" and

Inorganic Chemistry, Vol. 43, No. 2, 2004 497



Figure 2. Calculated isomerization of GBF, to I;BCF, and dissociation
of F3BCF, into CR, and BF; (energy and geometry, B3LYP/6-3t5G(d);
wavenumbers and ZPC, B3LYP/6-311G(d)).

C,FsCF,*, because the barrier for a 1,2-fluorine migration
in CRCR*' (72.4 kJ mot?) is calculated to be significantly
higher than the barrier for a 1,3-fluorine shift in §CH-
CR* (27.2 kJ motl?).3¢ Unfortunately, only little is known
about fluoride ion migration reactions in carbocatiéh¥,
and so, no experimental data are available on the stabilities
of CRCR," and GFsCR;*. The transition states for the 1,2-
fluorine shifts in CEBF, and GFsBF,, the 1,3-fluorine shift
in C,FsBF,, and the thermochemistry for the dissociations
of the carbene complexes into BAnd the carbene were
calculated (Figures 2 and 9). Since in the rearrangement
reactions of (CE)sB and (CE)sBCF, 1,2-fluorine shifts are
proposed to be key steps, it is of interest to know the barrier
for the fluoride migration in CEBF, as a reference (Figure
2).

Although the 1,2-fluorine shift in CiBF, (Figure 2) and
the decomposition of GBF; into BF; and CF, are endot-
hermic AH = +71.8 kJ mol; AG = +31.7 kJ mot?), the

Finze et al.

twice as high as the barrier calculated for the 1,2-fluoride
ion migration in CEBF, (Figure 2) in agreement with our
experimental observations thatfgBF, does not dissociate
into G,F, and BR; although the reaction is exergonic (eq 11).

C,F.BF,— BF; + C,F,
AH = —10.5 kJ mol* (AG = —49.9 kJ mol?) (11)

The 1,2-fluorine shift from the GFgroup in GFsBF; to
boron was also calculated, and the value for the transition
state is close to the value for the transition state of the 1,3-
fluorine shift in GFsBF, (Figure 3). Since it was not possible
to locate a minimum for Cf£FBFR; and the geometry of the
transition state for the 1,2-fluorine shift is close to that
expected for CECFBHF;, it is likely that CRCFBF; has no
local minimum on the respective hypersurface. IRC calcula-
tions indicate that CJ£FBF; represents a transition state for
a fluoride ion exchange between carbon and boroni-C
BF,. The dissociation of the transient speciesCIFBF; into
CFCFR; and BF; or a further 1,2-fluorine shift from GRo
CF is endothermic. Hence, no decomposition effBF; is
possible (Figure 3).

Similar to our observations for GBF, and GFsBF,,
phosphoranes with£s groups are known to be more stable
than the corresponding compounds withs;Gi§ands with
respect to loss of G40

(d) Computational Results for the Isomerizations of
(CF3)3B and (CF3)3BCF,. The isomerization of (C§}sB to
CsFBF; (Figure 4) was modeled as a reaction cascade of
fluoride ion and perfluoroalkyl migrations. All reaction
barriers are small, and the overall isomerization energy is
—303.6 kJ mat! (AH = —305.0 kJ mot?). The optimized

decomposition readily proceeds because it is followed by geometries of the transition states clearly demonstrate that
the loss of CE. Since Ck can be trapped, e.g., by the more the rearrangement reactions of the difluorocarbene complexes

Lewis acidic CEBF, compared to BEgiving CFBF,(CF), to perfluoroalkyl boranes are transfers of perfluoroalkyl
the loss of CEis irreversible and €BF, is formed via chains from the B atom to the C atom of the carbene ligand

CFs group migration (eq 10). and not an insertion reaction of the difluorocarbene into the
B—C or C—F bond of the perfluoroalkyl chain (Figure 4).
The activation barrier for the fluorine shift of a €group
becomes lower with increasing Lewis acidity of boron due
The small activation barrier for the fluoride ion migration to more perfluoroalkyl chains attached to boron (Figures 2
in CR3BF; (80.7 kJ mot?) is the reason for its instability. and 10). Only in the case of three perfluoroalkyl groups
The activation barriers for the transfers of perfluoroalkyl attached to boron is the fluoride ion migration exothermic.
chains in difluorocarbene borane complexes are even smallerThe reverse trend is observed for the transfer of perfluoro-
as will be shown for the isomerization of (kB giving alkyl groups to the carbene ligand. The lower the Lewis
CsF/BF; (Figure 3); hence, the intramolecular transfer of the acidity of the B atom is, the easier the perfluoroalkyl chain
CF; group of CRBF,(CF,) to give GFsBF, will readily take can migrate. The driving forces for the isomerizations are
place (eq 10). These results are in agreement with ourthe gains in energy due to the formations efBfrom C—F
experimental findings. Furthermore, this result is also bonds and of €C from B—C bonds, respectively.

2CF,BF,— BF, + C,F.BF, AH=—124.3kJmol* (10)

consistent with earlier reports that Beatalyzes the polym-
erization of CR.31%2

The energy of the transition state for a 1,3-fluorine shift
in CoFsBF, was computed to be 131.1 kJ mbhigher than
the ground state energy obsBF, (Figure 3). This is nearly

In Figure 5, the isomerization of (GEBCF, to (CFs)-
(CR)FCBF, is displayed, and the overall reaction energy is
—363.4 kJ mot* (AH = —365.3 kJ mot?). The calculations
reveal the same trends for the-€ activations as well as
the perfluoroalkyl transfers involved in the reactions from

(36) Krespan, C. G.; Dixon, D. Al. Fluorine Chem1996 77, 117.

(37) Nguyen, V.; Mayer, P. S.; Morton, T. H. Org. Chem200Q 65,
8032.

(38) Shaler, T. A.; Morton, T. HJ. Am. Chem. S0d.994 116, 9222.
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(39) Semenii, V. Y.; Stepanov, V. A.; Ignat'ev, N. V.; Furin, G. G.;
Yagupol'skii, L. M. J. Gen. Chem. USSR (Engl. Trans1985 55,
2415.

(40) Mabhler, W.Inorg. Chem.1963 2, 230.



Transient Lewis Acids (Ck)sB and (CFs)3sBCF;

Figure 3. Calculated decomposition of;EsBF, (energy and geometry, B3LYP/6-31G(d); wavenumbers and ZPC, B3LYP/6-311G(d)).

Figure 4. Calculated reaction profile for the isomerization of gzB to CsF/BF; (energy and geometry, B3LYP/6-3t5G(d); wavenumbers and ZPC,
B3LYP/6-311G(d)).

(CR)3BCF; to (GFs).BF compared to the isomerization of The energies of the located transition states and the energy
(CR)sB. A more complex case is the last step, the rear- of C,FsBF(CFCR) differ by only 43 kJ mol'?, and so, the
rangement of (&s).BF giving (GFs)(CR)FCBF,.. The value for the activation barrier as shown in Figure 5
isomerization should proceed under-E activation via a represents the overall activation barrier for this process very
transition state to give the carbene compleksBF,(CFCHR) well. A comparison with the activation barriers found for
which rearranges via a second transition state to the final 1,2- and 1,3-fluorine shifts in ££sBF, which are very close
product (GFs)(CR)FCBFR,. It was not possible to verify by  indicates that for the degradation of,f&).BF both reaction
IRC calculations that the found transition states connect the pathways are possible. The 1,2-fluorine migration followed
reactants and the products. All calculations performed by CFs group transfer leads to the formation ofFg)(CFs)-
indicate that the energies of the transition states are veryFCBF; as already outlined whereas the 1,3-fluorine shift is
similar to the energy of the minimum of,E&BF,(CFCR) followed by dissociation into §&sBF, and GF,. Since in
and hence the potential is very flat in this area. In Figure 5, the reaction mixture §&=BF; is one of the main components,
one minimum of the monofluorocarbene complex is depicted. the assumption of a competitive decomposition is very likely.
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Figure 5. Calculated reaction profile for the isomerization of EBCF, to (C,Fs)(CFs)FCBF; (energy and geometry, B3LYP/6-315G(d); wavenumbers
and ZPC, B3LYP/6-311G(d)).

(e) Discussion and Summary of the Results on the synthesis of @5(CF,).Cu from GFsCu and CECu in DMF
Stability of (CF3)sB and (CFz)sBCF,. Both strong Lewis is a typical exceptio>46
acids (Chk)sB and (Ck)sBCF,; are unstable with respect to (f) F~, CF,, and CO Affinities: A Measure for the Lewis
degradation to mono perfluoroalkylfluoroboranes at room Acidity of Perfluoroalkylfluoroboranes. The replacement
temperature as shown experimentally and verified by density of a F atom against a perfluoroalkyl group on boron leads
functional calculations. Furthermore, the computational to an enhanced Lewis acidity due to the reduction-tfack-
results on the stabilities of GBF, and GFsBF; are also in donation from fluorine to boron. We have studied the F
agreement with the experimentally observed behavior which CF,, and CO affinities of the series of fluoro(trifluoromethyl)-
shows that the calculations display the real behavior very borates (Figure 6, Tables 2 and 3) to demonstrate the changes
well. in the Lewis acidity and some of its effects” land Ck

As mentioned above the intramolecular fluoride migrations affinities were calculated because Fbstraction from
presented in this study are the first examples for reactionstrifluoromethyl substituents leading to g€Hgands is the
of this type in boron chemistry, whereas for other elements initial step of the decomposition reactions of trifluorometh-
intramolecular G-F activations have been observed in the ylboranes studied in this contribution. CO affinities are of
past** In main group chemistry only for phosphorus and interest because during the degradation ofsf§&CO carbon
arsenic compounds have similar reactions been reported tanonoxide is released and hence present in the reaction
our knowledgef?42 In variance to the well-known feature  mixture.
of C—F activations ati-C atoms of perfluoroalkyl ligands, A general trend for the bond strength of, EF,, and CO
the examples for intramolecular transfer reactions onto the to boron in the investigated boranes is that CO is bound more
carbene ligand derived through the activation process areweakly than Ckand F (Table 2). CO complexes of BF
rare. One example is the synthesis of ;EB{BF;)Ni{ CF- and CRBF, are only stabilized by weak van der Waals
(PEB)(CR,)3} from BF; and (EtP)LNi{ (CF,)4} .44 Examples interactions. The values calculated foBEEO are close to
for similar perfluoroalkyl transfer reactions to &éomplexes  values derived from experimental studiés?

in the literature are very limited in generdle.g., the The F affinities underline the trend for the Lewis acidities
— . as outlined above, for example (g4B is a stronger Lewis
(1) gé'lp'ér;%er' J. L. Richmond, T. G.; Osterberg, C.Ghem. Re. 1994 acid than BE (Table 2). The electron affinity of the F atom
(42) Eujen, R.; Haiges, RZ. Naturforsch., B: Chem. Sd998 53h 1455.
(43) Eujen, R.; Hoge, BJ. Organomet. Chenl995 503 C51. (45) Yang, Z.-Y.; Wiemers, D. M.; Burton, D. J. Am. Chem. S0d.992
(44) Burch, R. R.; Calabrese, J. C; lttel, S. Organometallics1988 7, 114, 4402.
1642. (46) Yang, Z.-Y.; Burton, D. JJ. Fluorine Chem200Q 102, 89.
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Table 4. Calculated F-Affinities of Selected Boron and Carbon

Lewis Acids
F~ affinity
-AE -AH -AG
compd kJmol? kJmol! kJmoll symmetry

(CR),BFCFR, 484.2 486.7 441.8 Cs
(CF3)3B 533.9 536.4 490.9 Can
(CF3)3B tetrahedral® 617.5 620.0 584.0 Cs
B-BCoF1d 426.1 428.6 374.4 Cs
a-BCoF 8 527.9 530.4 485.3 Cs
y-BCoF ¢ 602.4 604.9 556.5 Cs
i-BCgF 151 623.8 626.3 587.7 Csy
i-BC1oF1¢° 638.0 640.4 600.6 Cay
i-CB11F119 699.4 701.8 651.9 Cs
m-CB11F119 752.8 755.3 708.6 Cs
p-CB11F119 769.1 771.6 727.7 Cs,
O-CB]_]_FHQ 784.3 786.8 739.9 C5

aEnergy: B3LYP/6-31+G(d). ZPC and thermal corrections: B3LYP/
6-311G(d).> Compounds in bold letters are boron Lewis acfdS(CBC)
= 110.8F (adopted from [(CB)3BF]"). 9 Perfluoro-1-boradamantane (per-
fluoro-1-boratricyclo[3.3.13"]decane) ¢ Perfluoroboradodecahedramngy,
B, v, 0, . bonds between B atom and unsaturated centeglistraction
) ) ina, B, v, 0, € position leads to opening of the cad&nergy without zero
Figure 6. Comparison of the computed structures of {aBFs-n (n = point correctiongi, o, m, andp position of the unsaturated center.
0—3) and related Cfand CO complexes (B3LYP/6-3315(d)).

. . found for the transition state connecting 48F, and BF-
was calculated (336.3 kJ md) to investigate the perfor- (CF») (80.7 kJ mot?) whereas the lowest barrier is found

n:antce off';he_t_methoddhapplledlforﬁt:]:_e _falculatllc()ns befausebetween (CB:B and (CF):BF(CF,) (19.4 kJ mot?). The
electron alfiniies and hence also ’lNnities are known to - o qi i | ewis acidity and hence also in Bffinity from CFs-

o a7 i
be C”t'ﬁl_ casles lfor (f:alctlalatu?ﬁ%{ Theﬁ(_j'ﬁ;ere?fﬁ 0; thte BF, to difluoroboranes with longer perfluoroalkyl chains is
computational value for the electron affinity of the F atom .o o0 (Table 2).

to the experimental value (328.1 kJ mbP8is 8.2 kJ mot? _
(Table S1), so no further correction of the computational The decreage of the @Eﬁm't'es. frpm (CE,)aI_B o B.F3
data seems to be necessary. Furthermore, thaffimity helps to explain that ExBF(CF) is in equnllbrlum with
" g ' the free borane and GBnd, hence, why GBF; is unknown.

calculated for BE(332.2 kJ mot?) (Table 2) is also in good e X
agreement with the experimental value (331 8 kJ The occurrence of an equilibrium is the main reason for the
mol-3).449 Some of the F affinities presented in this stud formation of linear monoperfluoroalkyldifluoroboranes with
corres. ond verv well to those re (?rted in the literaftif y carbon chains longer than three C atoms in the decomposition

P Y P " of (CRy)sBCO, where (GFs)BF(CF) formed from (GFs)-

In.the §§ries BE CF33F2' (CR):BF, and (CE)sB, the (CR3)BF acts as Cfsource. The trend in GRaffinity also
Lewis acidity toward F increases for each step by about i a5 5 clue for the observation of smaller quantities of

70—80 kJ motl. These increments display the loss of reaction products that are due to CEansfer in the

n—pqu—donation in the free .Lewig acids. In Table 3, the F rearrangement reaction of (§FBCF, because in this case
affinities of the corresponding difluorocarbene complexes only a minor fraction decomposes viasf&)(CFs)BF which
are listed, and interestingly, in the case of [{fBF]™ the  yho forms (GF)BF(CF) and partially dissociates whereas

fluoride ion is bound more strongly to boron than to carl_oo_n the main route is via (&s),BF which cannot serve as a €F
(Tables 2 and 3, Scheme 1). In the cases of the remaininggq rce (Scheme 2).

borates, the fluoride anion is easier to remove from boron
than from one of the GFgroups. The increase inRffinity
and hence in Lewis acidity from BRo (CF)3B is due to
the loss of stabilization for the planar three coordinate boraneAnions, Carboranes, and Carboronate AnionsSince our

by n-ba_lck-donathn frorrj thg f?‘fo””e ligands. initial aim is the use of perfluoroborates as weak coordinating
The increases in theFaffinities from BF; to (CF)sB anions, a comparison of the Rffinities of perfluoroalky-

underline the trends found for the activation barriers for 1,2- \q,0roborates with other perfluoroborates is of interest.

fluorine shifts as discussed above. The highest barrier is ggpecially the evaluation of the stabilizing and destabilizing

parameters for the design of novel boron based weak

(47) Christe, K. O.; Dixon, D. A.; McLemore, D.; Wilson, W. W.; Sheehy, ; ; ; ; ; ;
3 A Boatz, J. AJ. Fluorine Chem200Q 101 151. coordinating anions is essential. The comparison of the F

(48) Velikovic, M.; Neskovic, O.; Zmbov, K. F.; Borshchevsky, A. Y.;  affinities of some different perfluoroboron species with

(g) Comparison of the Influence ofz-Back Donation
and Geometry at Boron on the Lewis Acidity of Selected
Perfluoroalkylfluoroboranes, Perfluoroalkylfluoroborate

;/aiSSYberg, V. E;; Sidorov, L. NRapid Commun. Mass Spectroi§9], perfluoroalkylfluoroborates leads to a qualitative view on the
(49) Aleshina, V. E.; Borshchevsky, A. Y.: Korobov, M. V.; Sidorov, L. influence ofr-back-donation from fluorine to boron and the
N. Russ. J. Phys. Chem. (Engl. Trangl996 70, 1170. geometry at boron (Table 4).
(50) Dixon, D. A.; Christe, K. OBook of Abstracts225th ACS National - oy .
Meeting New Orleans, LA; American Chemical Society: Washington, The Lewis acidity of _(CE)3B is reduced l?y 90 kJ mm
DC, 2003. due to the planar configuration at boron in comparison to
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Table 5. Calculated and Experimental BF Bond Length in Boranes fluorine to boron. Hencer-back-donation stabilizes the
and Borate Anions borane in these systems. The averaged=Bond length in
dB—F)P  borate  d(B-F)° d(B—F) , [CB11F12~ compared to B-F bond lengths in fluoroborate
borane calcdt anion calcd? expt, cation ref

anions (Table 5) is shorter. This finding is unprecedented

BF 1.317  [BF,~ 1417  1.406 [NH/]* 54 oo -

CF:,BFZ 1312 [[Cl-i;]BFg]’ 1412 1391 [N 4 55 Faklng into aqcoqnt that the c_:oordlnatlon number on boron
(CF):BF 1306 [(CR),BF; ]~ 1.413  1.391 Cs 56 in [CB11F17] ™ is six whereas in [(CHBF4—]~ (x = 0—3)
(CFs)sB [(CFa)sBF]” 1419 1407  [Co(CQ)* 17 only four substituents are bound to boron. The shortening
RCB11F10 [RCBy:F11] 1.36%  1.369 [Rh(CO)]* 57

of the B—F bond length in fluorocarborante anions is
# B3LYP/6-311-G(d). ° Expt d(B—F): 1.310 A® dCorrected for  gttriputed tosr-back-bonding from fluorine to boron and
thermal motion®R = F. fR = Et. . e . . .
hence leading to stabilization of the anion against fluoride
ion abstraction.
closoCarboranes containing @groups instead of fluorine
substituents are less stable, probably due to a loss of
stabilization throughr-back-donation. The extreme example
[CBll(CF3)12] tends to explodé’ whereas other trifluorom-
ethylcarboranes, e.qg., (GB)o(CFs)10, €Xxhibit higher stabil-
ity.6° The decomposition is probably initiated by a fluoride
ion abstraction from a GFgroup followed by opening of
the cluster at the electron deficient C atom, similar to
reactions described for the N atom in MeNB;..5* The
resulting strong Lewis acid can attack one of the remaining
CFRs groups, and the decomposition can proceed. The reaction
should be highly exothermic as the comparison to the
Ienergles for the rearrangement reactions described herein
mplies. In contrast, the high stability of [GB12]~ 2 or

(CR3)3B with a tetrahedral arrangement (geometry increment).
To model the maximum of the Lewis acidity for perfluoro-
alkylboranes, perfluoro-1-boradamantane and perfluorobo-
radodecahedrane were investigated. The fluoride ion at boron
in perfluoro-1-boradamantane and perfluoroboradodecahe-
drane is bound as strong as in (B with a tetrahedral
arrangement. But as for [(GzBF]~, the fluoride ion will

be removed from one of the C atoms and not from the B
atom. The position with the weakest bound fluorine ion in
perfluoro-1-boradamantane isffaposition. The abstraction
of the fluoride ion is followed by destruction of the carbon
cage and the formation of a-«€C double bond (Figure S1).
This reaction is also predicted for tjfeposition in perfluo-
roboradodecahedrane (Figure S2) by density functional
calculations. This type of acid catalyz8ektlimination is an
analogue to the Hofmann elimination of alkenes in tetraalky- [RCBHF“] (R = Me, Et,"Bu)*"**is demonstrated by the

; ; L formation of salts with highly electrophilic cations, e.gd-, [
I t byp-hyd | t talyzed b .
IilirT:_)rf?s(z)nlum cations bg-hydrogen elimination catalyzed by PLSI|[ELCBLF1] and [AIMe,][MeCBiF1.¢

(h) Comparison of the Stability of Some Borate Anions
with the Sum-Formula [BC4F12]~. Geometries and energies
of some isomers of borate anions with the sum-formula
[BC4F15~ have been calculated (Figure 7). A comparison
of the relative stabilities is of interest since [B&ff is a
weak coordinating aniohln the investigated series of fluoro-
(perfluoroalkyl)borates the stability increases with an in-

The F affinities for the four different fluorine positions
in perfluorocarborane, [CBF15] , are listed in Table 4, and
the structures of the Lewis acids as well as the anion are
displayed in Figure S3. The fluoride ion at the C atom is
weakest bound in perfluorocarborane. The reason for this
unexpected behavior is the stabilization of the resulting Lewis

. i 53 )
acid through a pseudo-Jahieller effect® The Lewis creased number of F atoms attached to boron and for every

acidities of perfluorocarborane are higher than the ones in I .
erfluoroalkylboranes (enhanced by HaD0 kJ mot?). The additional F atom on boron the species become more stable
b by —70 to—80 kJ mof ™. A further trend is the gain in energy

enhancement of the Lewis acidity for perfluorocarborane in if the B, group is attached to a secondary C atom and a
comparison to the B atom in perfluoro-1-boradamantane and, .. C at Althouah [(CE-CBE- is th t stabl
(CR)3B in the tetrahedral arrangement is due to a gain in Ferhary atom. Atthoug I( ?3 F|™ is the most sta -
m-back-donation from the fluorine atoms of about +3@/0 ISomer of thg Seres, [B(Qﬁ]. has an enha_nced. stability
kJ molL. While in the system [BE-/BFs the Lewis acid against fluoride ion abstraction, and so, it is suitable as a

BF, is stabilized byz-back-donation, in [CBFs] /CBuF11 weak coordinating anion. The reason is the high fluoride ion

the anion [C31F12]7 is stabilized by:r-back-donation. (54) Yeh, H. J. C.; Ragle, J. L1. Phys. Chem1968 72, 3688.

Additional evidence for the contrary influenceofback- (55) Brauer, D. J.; Biger, H.; Pawelke, Glnorg. Chem1977, 16, 2305.
donation from fluorine to boron is also displayed in the trend ©®) fgg“ggsD 3. Biger, H.; Pawelke, GJ. Organomet. Chen98Q
in B—F bond length in fluoroboranes, fluoroborate anions, (57) Lupinetti, A. J.; Havighurst, M. D.; Miller, S. M.; Anderson, O. P.;
and fluorocarboranate anions (Table 5). The shorteFB Strauss, S. HJ. Am. Chem. S0d.999 121, 11920.

. (58) Beeker, K.; Mrinal, K. D.; Gragg, B. R.; Keller-Rudek, H.; List, H.;
bond length in fluoroboranes compared to the related Sawodny, W. InGmelin Handbuch der Anorganischen Chemie

fluoroborate anions (Table 5) is due to two effects: (i) the BorverbindungenNiedenzu, K., Buschbeck, K.-C., Merlet, P., Eds.;
less steric hindrance in the boranes due to the reduction of cg, h"dSr-venag. Berlin, 1978, Vol. 33, Tei 18.

’ . - (59) King, B. T.; Michl, J.J. Am. Chem. So@00Q 122, 10255.
the coordination number from four (borate anion) to three (60) Herzog, A.; Callahan, R. P.; Macdonald, C. L. B.; Lynch, V. M.;

(borane) and (i) the occurrence afback-bonding from Hawthorne, M. F.; Lagow, R. JAngew. Chem., Int. EC2001, 40,

2121.
(61) Paetzold, P.; Lomme, P.; Englert, B. Anorg. Allg. Chem2002
(51) Christe, K. O.; Wilson, W. W.; Wilson, R. D.; Bau, R.; Feng, J.JA. 628 632.
Am. Chem. Sod99Q 112 7619. (62) Strauss, S. H.; Ivanov, S. V.; Lupinetti, A. J. (Colorado State University
(52) Mahjoub, A. R.; Zhang, X.; Seppelt, iChem. Eur. J1995 1, 261. Research Foundation). United States Patent US 6,130,357, 2000.
(53) Bersuker, I. B.Vibronic Interactions in Molecules and Crystals (63) Strauss, S. H.; Ilvanov, S. V. (Colorado State University Research
Springer-Verlag: Berlin, 1989. Foundation). Patent WO 02/36557/A2, 2002.
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Figure 7. Comparison of the relative stabilitieAld) of some [GBF12]~
anions (energy and geometry, B3LYP/6-31G(d); ZPC and thermal
corrections, B3LYP/6-311G(d)).

affinity of the corresponding Lewis acid (gBBCF, com-
pared to monoperfluoroalkylborates (Tables 2 and 3).
(I NMR Studies of Perfluoroalkylborates: Applica-
tion of the SERF Method in **F NMR Spectroscopy and
Trends in % NMR Chemical Shifts. **F NMR spectros-

T T T T T T 1
40 20 0 20 -40
J/Hz

Figure 8. 9F{1B} NMR spectrum of [(CRCP'F?")(CFd3)FCBF3)~
(bottom) and F2 projection$J(*%F,1%F), obtained by SERF experiments.

copy offers the best possibility to analyze the complex constants are directly measured, the SERF method offers an
reaction mixtures obtained in this study. The advantages aree@sier and more reliable tool for the determination and

the characteristi@®F NMR chemical shifts as well as the

assignment of coupling constants in complex systems than

high sensitivity and access to the quantitative product Selective decoupling. In this manner it was possible to assign
distribution. In most cases, it was possible to elucidate the all signals and coupling constants for j)(CFs)FCBR] -,
connectivity of the atoms by using the relative intensities @nd in Figure 8, thé*F{*!B} NMR spectrum of the CF&
and the coupling constants. Since the influence of the 9roup at—70.5 ppm and the spectra of the corresponding

quadrupolar moment of tHéB nucleus leads to a broadening
of the lines, thé®F NMR spectra were also recorded applying

coupling constants (F2 projections) are shown. In the case
of [C4FeBF3]~, a few SERF experiments were performed to

1B proad band decoupling. Furthermore by this procedure Prove the proposed assignment of the signals of the CF

the number of parameters, the couplings Wi, is reduced.
The largest contribution to couplings F nuclei is often

not due to dipolar interactions; hence, other interactions

groups. In addition to the SERF measurements the spectra

were also simulated using the program gNI#R.

In Chart 1, the NMR spectroscopic data of the linear

dominate, e.g., through-space coupling, and it is often perfluoroalkyl borates are depicted. To offer a complete

impossible to predict and to assign these coupling constants.

For example, théJ(*°F, 1%F) values are significantly smaller

overview of the"'B and'°F NMR spectroscopic data of linear
perfluoroalkyl borates known so far, the values of the

than the*J(*°F, 1F) values, and in many cases, they cannot [CFsBFs] " anion are includediFor [GFz+1BFs]~ (n= 3-4,
be observed. In some cases, even long-range couplings, e.g8). the *'B and **F chemical shifts and a few coupling

5J(*F, °F) and8J(*°F, °F), are resolved. TheJ(*°F, 1%F)
coupling constants between the F atoms of one @Bup

to the F atoms of another Gigroup are different and can
only be equivalent by accideft®® To solve this problem
we have used the selective refocusing method (SERE).
To our knowledge this is the first example for the use of
this method in®F NMR spectroscopy. Because the coupling

constants have been reported previodsh,which are in
good agreement with our results. THE and the'*F{''B}

NMR spectra of the [@sBFs]~ anion are displayed in Figure

9. In the B decoupled spectrum, smafiF—°F coupling
constants are resolved that cannot be extracted from the
corresponding'B coupled spectrum. In Figure 10, thiB
coupled and decoupled spectra offfBF;]~ are displayed,

(64) Berger, S.; Braun, S.; Kalinowski, H.-QIMR-Spektroskopieon
Nichtmetaller-19F NMR-Spektroskopi&eorg Thieme Verlag: Stut-
tgart, 1994; Vol. 4.

(65) Harris, R. K.; Woodman, C. Ml. Mol. Spectroscl968 26, 432.

(66) Hopkins, R. CJ. Mol. Spectroscl1966 20, 321.

(67) Fake, T.; Berger, SJ. Magn. Reson1995 113A 114.

(68) Eberstadt, M.; Gemmecker, G.; Mierke, D. F.; Kessler Adgew.
Chem.1995 107, 1813.

(69) Budzelaar, P. H. MgNMR V4.1.0; Chem Research GmbH, 1995
1999.
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5/ ppm
Figure 9. 9F NMR (top) and°F{1B} NMR spectrum (bottom) of

[CoFsBFs] ™
x0-2 © [(C,F,)BF,]
* [(C,F, DBE,) /W\/\/\
* # [(CF)BF,]
* *
Mj"
o
-80,4 -127 6 133 8 -152,6 -152,8
6/ ppm
Figure 10. °F NMR (top) and'®F{!B} NMR spectrum (bottom) of
[CsF7BFs] ™.
o [(C,F)BE,J
) [(Can)BF JN%L
T T
-80,37 -80,46 -127,6 -133.8 -152,82
5/ ppm
Figure 11. Simulated 1°F{11B} NMR (bottom) and!°F{1!B} NMR

spectrum (top) of [gFBF3]~.

and they illustrate that except for the £group the signals
become very complex and that special methods as mentione

above are necessary to assign the coupling constants and th

signals. The measured and simulated spectra §#/EF3] -

Finze et al.

Figure 12. Trends of the'®= NMR chemical shifts of the GFand BR
groups in linear perfluoroalkylborates.

The NMR spectroscopic data obtained for J£g)(CFs)-
FCBFs]~ are summarized in Chart 2. The data for {&-
(CR)FCBR]~ and [(GFs).FCBF;] ~ are limited because these
species were only formed in small quantities; Jt&}(CFs)-
FCBR;]~ could be investigated in detail by®F NMR
spectroscopy. The measured coupling constants for the two
diastereotopic F atoms attached to theafom (Chart 2)
were corrected to the values of the real coupling consténts.
Since the signs of the effective coupling constants are
unknown, two different sets of coupling constants are
obtained from the corrections. The simulation with gNMR
shows that both sets give the expected line distribution, but
the intensity distribution obtained with the values presented
in Chart 2 is in closer agreement to the measured spectrum.
In Figure 13, thé®F and®F{'B} NMR spectra are depicted
and compared to the simulat&f NMR spectrum. A similar
study was already performed for perfluoroisopropyl groups
attached to aryl systenis.The spectra reveal similarities,
but especially, the coupling constants differ significantly due
to the different influences of the attached groups.

In the cases of [(§~)(CR)FCBR;]~ and [(GFs).FCBR]
very complex spectra are expected in comparison to the
simpler spectra of isoelectronigECF(CFR), and (GFs)2-
CFCR.”? The observation of signals with similar chemical
shifts and intensities as found for [{&)(CR)FCBR]~ and
a related trend as reported for the serigBsCF(CR),, CsF+-
CF(CR),, and (GFs),CFCR"*"“indicates the formation of
the above-mentioned species during the rearrangement and
CF, transfer reactions of (GBCF..

ummary and Conclusion

The investigations of the rearrangement reactions of the

(Figure 11) are in good agreement. The comparison of the unstable intermediates (gkB and (CR);BCF; formed from

1% NMR chemical shifts of the linear perfluoroalkyl borates
reveals an interesting trend; the Gffoups in the middle of
the perfluoroalkyl chain converge againstl21.3 ppm
(Figure 12). The closer a GRgroup is located to any of the
two ends of the anion, the lower th NMR chemical shifts
becomes. By accident tH& NMR chemical shifts of the
BFz groups fit into this trend. Th&F NMR chemical shifts
of the Ck groups are in a different region-5 to —84

ppm).
504 Inorganic Chemistry, Vol. 43, No. 2, 2004

(70) Emsley, J. W.; Feeney, J.; Sutcliffe, L. High-Resolution Nuclear
Magnetic Resonance Spectroscahyd ed.; Pergamon Press: Oxford,
1967; Vol. 1.

(71) Chambers, R. D.; Sutcliffe, L. H.; Tiddy, G. J. Trans. Faraday
Soc.197Q 66, 1025.

(72) Burdon, J.; Creasey, J. C.; Procter, L. D.; Plevey, R. G.; Yeoman, J.
R. N.J. Chem. Soc., Perkin Trans.1®91 445.

(73) Coe, P. L.; Sellers, S. F.; Tatlow, J. £.Fluorine Chem1981, 18,

417.

(74) Sartori, P.; Velayutham, D.;

Chem.1998 87, 31.

Ignat'ev, N. V.; Noel, M. Fluorine



Transient Lewis Acids (Ck)sB and (CFs)3sBCF;
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Figure 13. Simulated®F{11B} NMR (bottom),°F{11B} NMR (middle), and'®F NMR spectrum (top) of [(&Fs)(CFs)FCBR;] .

the precursors (GzBCO and the weak coordinating anion F~ affinities of a variety of different fluoroboron species
[B(CFs)4]~ revealed unprecedented rearrangement reactionswere investigated by theoretical methods. TheaFinities

The results rationalized the degradation chemistry of per- are closely related to the calculated barriers for the observed
fluoroalkylfluoroborate anions which are of interest as weak intramolecular fluoride ion abstractions. Because the fluoride
coordinating anions. In the case of (B, the final product  jon affinities are a good measure for the stability of weak
of the decomposition in anhydrous HF is;feBFs] ™, and  coordinating anions, their knowledge is of broad interest.
in the gas phase, a mixture of linear perfluoroalkylboranes Especially, the influence of-back-donation and the geom-

CiFani1BF: is observed. For (GiBCF, a mixture of linear etry at boron are discussed. Tricoordinated (perfluoroalkyl)-

f”":d br?ncrg)ed perfluorgalk;lélcbgranes s qbtainzd \{Vi_tl_hh the fluoroboranes are stabilized lyback-donation from fluorine
interesting borane ("(I’:.S)( F) F2as amain proguct. The ligands to boron and planar arrangement of the ligands leads
boranes are formed in a cascade of 1,2-fluorine shifts from o .

to a further gain in energy as modeled with perfluoro-1-

a CRror Fs gr t ron follow rfluoroalkyl .
s or a Gfs group to boron followed by perfluoroalky boradamantane. In contrast to tetracoordinated (perfluoro-

migrations. The difluorocarbene complexes formed as in- . o
termediates can also serve as,@Burces. The 1.2-fluorine alkyhfluoroboratesgclosacarboranate anions are stabilized
' i by r-back-donation from fluorine.

shifts observed are the first examples for intramolecutaFC
activation in boron chemistry, and the intramolecular transfer

reactions of the perfluoroalkyl groups are unusual reactions . .
in general. P ¥l group Forschungsgemeinschaft, DFG, and the Fonds der Chemis-

Quantum chemical calculations were performed to gain a chen Industrie is acknowledged. Furthermore, we _are grateful
deeper insight into the reaction cascades described abovel® Merck KGaA, Darmstadt, Germany, for providing finan-
The geometries and energies of the transition states for thecial support and chemicals used in these studies. We thank
rearrangement reactions were calculated, and the low barrier$rofessor J. S. Francisco for helpful discussions and Dr. N.
are in agreement with the experimental findings that neither V. Ignat'ev for a sample of K[gFsBFs].

(CR)3B, (CR)3sBCF;, nor the intermediates could be isolated.

As precedents for the €F activations, the barrier of the Supporting Information Available: Table of energies, enthal-
1,2-fluorine shift in CEBF, was compared to the barrier of pies and free energies of all compounds and transition states
the 1,2- and 1,3-fluorine shift in£sBF,. Since the activation investigated by DFT calculations, and figures displaying the
energy for the isomerization of £sBF; is nearly twice as calculated st_ruc'Fures of Fhe carbgrqnate, gdamantane, and dodgca-
large as for the isomerization of GBF,, the borane &Fs- hedrane derivatives. This material is available free of charge via
BF; is easily obtained at room temperature whereasBEf the Intemet at http://pubs.acs.org.
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