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Haloacyl Complexes of Boron, [(CF;);BC(O)Hal]” (Hal=F, Cl, Br, I)

Maik Finze,*'*"! Eduard Bernhardt,””! Helge Willner,*! and Christian W. Lehmann'*

Abstract: The haloacyltris(trifluorome-
thyl)borate anions [(CF;);BC(O)Hal]"
(Hal=F, Cl, Br, I) have been synthe-
sized by reacting (CF;);BCO with
either MHal (M=K, Cs; Hal=F) in
SO, or MHal (M =[nBu,N]*, [Et,N]*,
[Ph,P]*; Hal=Cl, Br, 1) in dichlorome-
thane. Metathesis reactions of the fluo-
roacyl complex with Me;SiHal (Hal=
Cl, Br, I) led to the formation of its

to the iodine derivative. The chemical
reactivities decrease in the same order
as demonstrated by a series of selected
reactions. The new [(CF;);BC(O)Hal]~
(Hal=F, Cl, Br) salts are used as start-
ing materials in the syntheses of novel
compounds that contain the (CF;);B—C
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fragment. All borate anions
[(CF;);BC(O)Hal]~ (Hal=F, Cl, Br, I)
have been characterized by multinu-
clear NMR spectroscopy ("'B, °C, 'O,
YF) and vibrational spectroscopy.
[PPhy][(CF;);BC(O)Br] crystallizes in
the monoclinic space group P2/c (no.
13) and the bond parameters are com-
pared with those of (CF;);BCO and K-
[(CF;);BC(O)F]. The interpretation of

higher homologues. The thermal stabil-
ities of the haloacyltris(trifluorome-
thyl)borates decrease from the fluorine

NMR
elucidation

Introduction

Since the discovery of the first tris(trifluoromethyl)boron
derivative, (CF;);BNHEt,, 15years ago,'! numerous
(CF;);B—N compounds have been prepared and transformed
into other (CF;);B derivatives, for example [(CF;);BHal]~
(Hal=F, Cl, Br).”* In contrast to (CF;);B—N derivatives,
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structure

are supported by DFT calculations
[B3LYP/6-311+ G(d)].

the chemistry of (CF;);B—C compounds has been little ex-
plored. In 2001 we reported the synthesis of the weakly co-
ordinating  tetrakis(trifluoromethyl)borate  anion, [B-
(CF;),]~,™ the first example of a (CF;);B—C species, by fluo-
rination of the tetracyanoborate anion, [B(CN),] > with
CIF or CIF; in anhydrous HF.

It turns out that in concentrated sulfuric acid one of the
CF; groups of [B(CF;),]” is converted into a carbonyl ligand
resulting in the unexpected borane carbonyl, (CF;);BCO

[Eq. (1)].""

[B(CF;)4]

25°C
conc. H,SO,4

, +H;0" (CF;);BCO, +3HF ) (1)

(solv

This borane carbonyl is a main group analogue of homo-
leptic transition-metal-carbonyl cations®'? as exemplified
by its high v(CO) stretching frequency of 2267 cm ™ which is
identical to the v(CO),, value of the superelectrophilic
[Ir(CO)¢** cation.'*™ Transition-metal-carbonyl cations
are stabilized in fluoroantimonate salts which are extremely
moisture sensitive, difficult to handle, and only soluble in su-
peracids like aHF or aHF/SbFs. Hence, their chemistry is
limited to a few displacement reactions, for example, the
displacement of CO by SO;F~, PF;, and CH;CN. Further-
more, only one example of an addition reaction at the CO
ligand in [Ir(CO)¢J**, to yield [Ir(CO)s{C(O)F}]**,¥ has
been observed so far. In contrast to the salts of transition-
metal-carbonyl cations, (CF;);BCO is a volatile compound,
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easy to handle, and soluble in many organic solvents. It was
found that (CF;);BCO reacts with nucleophiles either by ad-
dition to the electrophilic carbonyl carbon atom or in
ligand-exchange reactions with the loss of CO.®!

As previously outlined, (CF;);BCO is, on account of its
spectroscopic and chemical properties, closely related to car-
bocations of the type RCO*, for example, MeCO™* ™! and
to cationic transition-metal-carbonyl complexes.”! Hence,
the haloacyl complexes [(CF;);BC(O)Hal]~ (Hal=F, Cl, Br,
1) are of special interest because they serve as links between
acid halides in organic chemistry and haloacyl complexes in
transition-metal chemistry.

The synthesis as well as the spectroscopic and structural
properties of the first fluoroacyl complex of boron,
[(CF;);BC(O)F]~, have been presented in a short communi-
cation.!' It was obtained in SO, solution according to Equa-
tion (2).

(CF;);BCO + MF222,M[CF;),BC(O)F|

(2)
(M =K, Cs)

As an extension to the work described in this communica-
tion we herein report on 1) the syntheses of further haloacyl
complexes [(CF;);BC(O)Hal]~ (Hal=Cl, Br, I), 2) the ther-
mal stabilities of the [(CF;);BC(O)Hal]~ (Hal=F, Cl, Br, I)
complexes in different salts using differential scanning calo-
rimetry (DSC), 3) the reactions of the haloacylborate anions
with selected nucleophiles, 4) a complete characterization of
the borate anions by heteronuclear NMR and vibrational
spectroscopy, 5) the structure of [PPh,][(CF;);BC(O)Br] de-
termined by single-crystal X-ray diffraction, and 6) DFT cal-
culations, which support the vibrational assignments and in-
terpretation of the bonding parameters.

In contrast to (CF;);BCO, salts of the haloacyl complexes
are thermally stable and are the key starting materials for a
diverse chemistry. [B(CF;),]” and related anions, for exam-
ple, [(CF,;);BCPnic]|~ (Pnic=N, P, As)!"® and
[(CF;);BNC]~ ' exhibit unusual properties enabling their
application in many fields of growing interest, such as ionic
liquids, catalysts, electrolytes, and weakly coordinating
anions. Therefore the syntheses of new derivatives that con-
tain the (CF;);B group are of general interest.

Results and Discussion

Syntheses of M[(CF;);BC(O)F] (M=K, Cs)—reactions of
alkali metal halides with (CF;);BCO in liquid SO,: In the
syntheses [Eq. (2)] of alkali metal salts that incorporate the
[(CF;);BC(O)F]" ion, the reaction time is of importance!'®
because prolonged reaction times result in decreased yields
and  the formation of  the diborate anion
[{(CF;);BC(0)},0]*". This can be rationalized by nucleophil-
ic attack by SO,F ! on the carbon atom of the acyl group
of [(CF;);BC(O)F]" resulting in [(CF;);BCO,]*~ followed by
reaction with a second equivalent of [(CF;);BC(O)F]”
[Egs. (3) and (4)].
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[(CF;);BC(O)F]” + SO,F~ — [(CF;);BCO,]* +SOF, (3)

[(CF3)3BC02]27 + [(CF;);BC(O)F|” —

4
[{(CF;);BC(0)},0"” +F~ @
In contrast to the syntheses of [(CF;);BC(O)F]™ salts,
treatment of (CF;);BCO with alkali metal chlorides, bro-
mides, or iodides in liquid sulfur dioxide resulted in complex
product mixtures without the formation of the desired hal-
oacylborate anions, [(CF;);BC(O)Hal]- (Hal=Cl, Br, I).
Some of the isolated products were identified as
[(CF;);BC(O)OH]™ and [{(CF;);BC(0)},0]* salts. It is as-
sumed that a similar degradation process to that described
by Equations (3) and (4) occurs with the halosulfinate
anions formed in these systems.'”?! The different behavior
of [(CF;);BC(O)F]™ in comparison to its higher homologues
is probably due to its lower reactivity. Increasing reactivities
of isovalent-electronic haloacyl derivatives from fluoro to
iodo derivatives (F < Cl<Br <I) are well known in organic
chemistry.[*

Syntheses of M[(CF;);BC(O)Hal]- (M=[nBu,N]", [Et,N]",
[Ph,P]*; Hal=Cl, Br, I) from (CF;);BCO: The other haloa-
cylborate anions [(CF;);BC(O)Hal]~ (Hal=Cl, Br, I) were
obtained by the reactions of halide salts containing weakly
coordinating cations with (CF;);BCO in dichloromethane
solution according to Equation (5).

(CF;);BCO + MHal 22, M[(CF; ), BC(O)Hal] (5)

(M = [nBuyN]*, Hal = Cl, Br, ; M = [Et,N]",
Hal = CI; M = [Ph,P]* Hal = Cl, Br)

The [(CF;);BC(O)Hal]~ (Hal=Cl, Br, I) salts were isolat-
ed as colorless solids by removing the solvent. Impurities (~
2%) such as the [(CF;);BC(O)OH]™ anion were due either
to the presence of (CF;);BC(OH),* in the starting material
or to traces of water in the reaction mixtures.

To complete the series of [nBu,N]™" salts in Equation (5),
the fluoroacylborate derivative was synthesized by a meta-
thesis reaction [Eq. (6)].

K[(CF;);BC(O)F] + [nBu,N]C19E<%, 6
[nBuyN][(CF;);BC(O)F] + KCI | ©)

The [(CF;);BC(O)Hal]- (Hal=F, Cl, Br) anions are
stable at room temperature in acetonitrile solution but the
corresponding iodo derivative slowly decomposes into
(CF;);BNCMe ®* CO, and I".

The [(CF;);BC(O)Hal]™ anions are the first examples of
mononuclear boron haloacyl derivatives. Early attempts to
synthesize a chloroacyl complex of H;BCO by addition of
chloride failed and instead yielded (MeBO);.”*! A few ex-
amples of boron clusters that contain the chloroacyl sub-
stituent, for example, 9-chloroacyl-1,2-dicarba-closo-dodeca-
borane, have been described®?) and their chemistry has
been studied to some extent.***! As discussed above

Chem. Eur. J. 2005, 11, 6653 —6665
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(CF;);BCO is a main group analogue of homoleptic transi-
tion-metal-carbonyl cations,”'? but only one example of the
formation of a haloacyl complex from a homoleptic transi-
tion-metal-carbonyl cation, [Ir(CO)¢J**, is known: [Ir(CO)s-
{C(O)F)J*+.'l There are only a limited number of reports
on related transition-metal complexes: [Ir(CO),F{C(O)F}-
(PEty)]*,?" [MF{C(O)F}(CO),(PPh;),] (M=Ru, Os),*! and
[CpRe(CO),Br{C(0)Br}].*

To study the effect of the cation on the stability of the
[(CF;);BC(O)CI]™ ion, attempts were made to prepare the
corresponding [Et;NH]*, [H(OEt,),]*, and NO* salts. The
main product of the reaction between [Et;NH]|Cl and
(CF;);BCO in CD,Cl, was [Et;NH][(CF;);BC(O)Cl] o)
with the anions [(CF;);BCl] ! [(CF;);BF]",”**"! and other
perfluoroalkylfluoroborates®! formed as impurities. At
room temperature [Et;NH][(CF;);BC(O)CIl] slowly decom-
posed into [Et;NH][(CF;);BCl] and CO.

HCI reacts with (CF;);BCO in diethyl ether solution to
give the insoluble [H(OEt,),][(CF;);BC(O)CI] [Eq. (7)].

(CF;);BCO + HCI + 2Et,022% [H(OEt,),][(CF5);BC(0)CI]
(7)

This salt was isolated at —30°C by removal of excess di-
ethyl ether under reduced pressure. The formation of the
[H(OEt,),]* cation was proved by its 'H NMR spectrum in
CD,Cl, which shows the characteristic signal of the bridging
acidic proton at d=16.3 ppm and the signals of the ether
protons shifted to higher frequencies relative to those of
neat Et,0O (compare with, for example, [H(OEt,),]-
[B(C¢F5),]®). At room temperature under vacuum reac-
tion (7) is reversible. Under nitrogen [H(OEt,),]-
[(CF;);BC(0)Cl] slowly decomposes into HCI, Et,O, and a
series of other borate anions containing the (CF;);B—C frag-
ment as well as traces of [(CF;);BCIJ™”” and
[(CF;);BF] .1

Nitrosyl chloride undergoes a ligand-exchange reaction
with (CF;);BCO to give NO[(CF;);BCl] as the main product

[Eq. (8)].

(CF,);BCO + NOCI — NOJ[(CF),BCl] + CO 8)

In summary, the [(CF;);BC(O)CIl]™ ion is only stable at
room temperature in salts with weakly coordinating cations.

Reactions with Me;SiHal (Hal =Cl, Br, I): The reactions of
[(CF;);BC(O)F]~ with Me,SiHal (Hal=Cl, Br, I) in di-
chloromethane or acetonitrile solution according to Equa-
tion (9) provide an alternative synthetic approach towards
[(CF;);BC(O)Hal]~ (Hal=Cl, Br, I).
[(CF3)3BC(O)F]7 + Me3SiHal —

[(CF;);BC(O)Hal]™ + Me;SiF

(Hal = CI, Br, I)

The bromo- and iodoacyl derivatives are also accessible
from [(CF;);BC(O)Cl]™ and the corresponding trimethylsilyl
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halides. If the potassium salt of [(CF;);BC(O)F] is used as
the starting material [Eq. (9)], [(CF;);BC(O)Hal]" is initially
observed by NMR spectroscopy, but subsequently KHal pre-
cipitates and CO as well as (CF;);BNCMe are formed in
acetonitrile solution. The intermediate (CF;);BCO cannot
be detected as a result of its fast reaction with acetonitrile
[Eq. (10)].1

-+Me;SiHal
|
—Me;SiF

K][(CF;);BC(O)F K[(CF;);BC(O)Hal|——

—KHal
(10)

+MeCN

(CF3);BCO—-~(CF;);BNCMe
(Hal = Cl, Br, 1)

The decomposition rate of [(CF;);BC(O)Hal]™ monitored
qualitatively by NMR spectroscopy increases in the order:
[(CF3);BC(O)CI]” <[(CF;);BC(O)Br]” <[(CF;);BC(O)]]".
This observation parallels the reactivities of the haloacylbo-
rate anions discussed in previous sections.

A few examples of transformations of acid chlorides into
acid iodides employing Me;Sil are known in organic chemis-
[33,34]

try.

Chemical properties of [(CF;);BC(O)Hal]” (Hal=F, Cl, Br,
I)—an overview: The straightforward, high-yield, and easily
scaled-up syntheses of salts containing the haloacylborate
anions [(CF;);BC(O)Hal]~ (Hal=F, Cl, Br, I) enable the
preparation of new (CF;);B—C compounds. The reactions of
[(CF;);BC(O)F]~ and [(CF;);BC(O)Cl]- with selected
nucleophiles, which have been investigated so far, are sum-
marized in Scheme 1. They have either been published
{[(CF;);BCPnic]~ (Pnic=N, P, As) 17181
[(CF;);BC(O)NR!R?]" (R'=H, Me; R’=H, Me, nPr)®l},
are included in the Experimental Section (reactions with
Mes;SiHal), or will be published elsewhere in detail
{[(CF;);BC(O)CN],  [(CF3);BC(OSiMe;)(CN),| ). The
chemistry of the bromoacyl derivative is similar to that of its
chloro analogue while [(CF;);BC(O)I] is too reactive and
hence it is not a suitable reagent for the synthesis of
(CF;);B—C derivatives.

While most of the reactions of the haloacylborate anions
are similar to the reactions of their parent compound
(CF;);BCO, for example, the synthesis of the [(CF;);BCN]~
ion using K[N(SiMe;),]®! or the formation of
[(CF;);BC(O)OH]~ by the reaction with water,” there are
some important differences. Most significantly, in the reac-
tions of  K[Pnic(SiMe;),]  (Pnic=P, As) with
[(CF;);BC(O)Hal]~ (Hal=Cl, Br) the highly unusual bo-
rates [(CF;);BCPnic]~ (Hal=P, As)!""! are obtained, while
with [(CF;);BC(O)F]~ the dianions [(CF;);BC(OSiMe;)-
PnicC(O)B(CF;),]*" are formed. The corresponding reaction
with (CF;);BCO results in a complex product mixture. The
formation of different products is due to a decrease in reac-
tivity in the order (CF;);BCO >[(CF;);BC(O)I]” >
[(CF3);BC(O)Br] ~[(CF;);BC(O)CI]” > [(CF;);BC(O)F] .

As starting materials for the syntheses of novel borate
anions  containing the (CF;);B—C fragment, the
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ME: —] =
s MaSiHal [(CF3):BC(O)Hal]
D *a
| Hal = Br, |
P
(FaC):B (5 B(CF3)3
[(CF3)3BC(OSiMes) (N
X=P, As
Me:SICN
Me;SiHal
[(CF3):BC(O)CN] [{CFa)sBCX]
Sy % W X=PAs
[(CF3):BC(O)NMez] V %jp &\5\
[(CF3);BC(O)FT ! [(CFa)sBC(O)CIT
e &, e Ton,
[(CF3):BC(O)NHAPY] b, & osve; ] "
NH, . _-SiMe;
[(CF3)sBON] Hz0 (F3C):B X
CF3)3BC(O)NHa] 41 X=P, As
[(CF3)3BC{O)NHz] ot

A ]

Ha0
Scheme 1. Selected reactions of [(CF;);BC(O)F]™ and [(CF;);BC(O)Cl] .

[(CF;);BC(O)Hal]~ (Hal=F, Cl, Br) anions have some ad-
vantages over the parent compound (CF;);BCO: 1) they are
thermally stable solids that can be handled under an inert
atmosphere without using vacuum techniques and 2) owing
to their enhanced stability, reactions can be performed in
coordinating solvents that react with the borane carbonyl,
for example, THF or acetonitrile.

Thermal properties: The thermal stabilities of [nBu,N]-
[(CF;);BC(O)Hal] (Hal=F, CI, Br, I) have been investigat-
ed by differential scanning calorimetry (DSC) and the re-
sults are summarized in Table 1. In these tetrabutylammoni-
um salts the thermal stabilities decrease with increasing
atomic number of the halogen atom. This trend is in agree-
ment with the reactivities and the behavior of organic acid
halides discussed above. The decomposition products ob-
tained from the DSC experiments were analyzed by NMR
spectroscopy and in all cases the main products were the
borate anions [C,FsBF;] P! and [(CF;);BF]~.F%* The for-
mation of [C,FsBF;]™ can be explained by an intramolecular
rearrangement reaction similar to the degradation of
(CF,);BCO in the gas phase or in anhydrous HE.P" The for-
mation of [(CF;);BF]” during the decomposition of
[(CF;5);BC(O)Hal]~ (Hal=Cl, Br, I) can be rationalized by
an intermolecular fluoride ion transfer from a CF; group.
The borate anions [(CF;);BCl]™ and [(CF;);BBr]|~ have also
been identified in the reaction mixtures obtained from DSC

6656 ——
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[(CF1),BC{O)OH]

Table 1. Thermal data of salts of the [(CF;);BC(O)Hal]~ (Hal=F, Cl, Br,
I) anions, determined by DSC measurements.

Compound T phase transition T netting point Tgecomposition
[°C] [°Cl] [°C]
K[(CF;);BC(O)F] -4 130
Cs[(CF;);BC(O)F] 67 140
[nBu,N][(CF;);BC(O)F] 145 180
[nBu,N][(CF;);BC(0)Cl] 133 166
[Et,N][(CF;);BC(0)CI] 145
[Ph,P][(CF;);BC(0)Cl] 1830 1830l
[nBu,N][(CF;);BC(O)Br] 100! 100!
[Ph,P][(CF3);BC(O)Br]
[nBu,N][(CF;);BC(0O)I] 601201 602!

[a] Decomposes during melting. [b] Slow decomposition at room temper-
ature.

experiments on [nBu,N][(CF;);BC(O)Cl] and [nBu,N]-
[(CF;);BC(O)Br].B The so far unknown [(CF;);BI]” ion
might also be formed during the decomposition of the io-
doacylborate anion but owing to the formation of many
compounds, an assignment of the NMR signals was not pos-
sible.

The thermal stabilities of different salts of the
[(CF;);BC(O)F]™ ion nicely demonstrate the effect of the
cation. The fluoroacylborate salt becomes more stable
(Table 1) as the size of the cation increases (K* <Cs*t <
[nBu,N]*). The stability of [nBu,N][(CF;);BC(O)F] is un-

Chem. Eur. J. 2005, 11, 66536665
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precedented, being stable up to 180°C as a molten salt
(T, =145°C).

Quantum-chemical calculations: The reactions of halide ions
with (CF;);BCO were studied by DFT calculations at the
B3LYP/6-311++ G(d) level of theory and the thermochemi-
cal data are summarized in Table 2 (all energies and free en-

Table 2. Calculated® thermodynamic data for the reactions of
(CF;);BCO with halides yielding either [(CF;);BC(O)Hal]" or
[(CF;);BHal]” (Hal=F, Cl, Br, I).

Hal™ AH [kImol™] AG [kImol™]
(CF,);BCO +Hal — [(CF;);BC(O)Hal]

F 3848 ~350.9

a- ~207.8 ~175.0

Br- ~1755 —1446

I 1406 1085

(CF;);BCO +Hal™—[(CF;);BHal] "+ CO

F —432.1 —439.2

Cl- —248.0 —248.4

Br- —201.7 -211.4

I —153.9 —161.4

[a] At the B3LYP/6-3114G(d) level of theory (SDD for iodine).

ergies are collected in Table S1 in the Supporting Informa-
tion). Two different types of reactions were considered: 1)
the addition of the halide ion to the carbon atom of the car-
bonyl ligand of (CF;);BCO and 2) the ligand exchange reac-
tion that yields [(CF;);BHal]~ (Hal=F, Cl, Br, I) and
carbon monoxide. The data obtained demonstrate that the
formation of [(CF;);BC(O)Hal]~ (Hal=F, Cl, Br, I) is kinet-
ically controlled, since the ligand-exchange reaction is ther-
modynamically favored. The decrease in the enthalpy of for-
mation from [(CF;);BC(O)F]” to [(CF;);BC(O)I]” is in
agreement with the decreasing thermal stability as discussed
in the previous section and the increasing reactivity of these
anions. The enthalpies also parallel the general experimental
observations in C—Hal dissociation energies® and a similar
trend in the calculated reaction enthalpies is also found for
the two related series MeC(O)Hal and FC(O)Hal (Hal=F,
Cl, Br, I) (see Table S2 in the Supporting Information).

The crystal structure of [Ph,P][(CF;);BC(O)Br]: The solid-
state structure of [Ph,P][(CF;);BC(O)Br] was obtained by
single-crystal X-ray diffraction. The experimental details
and crystal data are summarized in Table 3. Table 4 allows
selected bond parameters of the anion to be compared with
those of the [(CF;);BC(O)F] ion in the K* salt,'¥ with
those of (CF;);BCO in the gas phase as well as in the solid
state,® and with values obtained from DFT calculations on
(CF;);BCO and [(CF;);BC(O)Hal]~ (Hal=F, Cl, Br, I). The
structure of the bromoacylborate anion in [Ph,P]-
[(CF;);BC(O)Br] is shown in Figure 1.

In the solid-state structure of [Ph,P][(CF;);BC(O)Br] the
anions and cations form staples along the b axes (see Fig-
ure S1 in the Supporting Information). The closest distances
between anions and cations are in the range of weak inter-

Chem. Eur. J. 2005, 11, 66536665
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Table 3. Crystallographic data for [Ph,P][(CF;);BC(O)Br].1"!
CyH,,BBrE,0OP

chemical formula

formula weight [gmol '] 665.13
temperature [K] 100
color colorless

0.44x0.10x0.08
monoclinic, P2/c (no. 13)

crystal size [mm’]
crystal system, space group

a [A] 18.5200(3)
b [A] 7.5999(1)
c[A] 19.3649(3)
B 91.182(1)
volume [A?] 2725.03(7)
z 4

Pealed [Mg m 3] 1.621
absorption coefficient [mm~!] 1.651
F(000) [e] 1328

6 range [°] 3.41-31.05
index range —26<h<26, -10<k<11, —28<1<28
reflections collected/unique 35092/8646

reflections observed [/ >20([)] 6623

R(int) [%] 6.16
data/restraints/var. par. 8646/0/371
R, [I>20()]"™ [%] 5.60

R, (al)®™ [%] 8.01

WR, [I>20(D)] [%] 16.89

wR, (al) [%] 14.81
goodness-of-fit on F24I 1.043

largest diff. peak/hole [e A% 0.875/-0.920

[a] CCDC 252158 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif. [b] Ry=(Z || F,|—|F.|| )2 |F,|. [c] Ry=[Ew(F 2 ~F2)YSwF ",
weight scheme: w=[d’F,+(0.0871P)*+4.1956P]'; P=[max(0,F,%)+
2F.2)/3. [d] Goodness-of-fit S=Yw(F,’—F.2)?(m—n); (m=reflections, n=
variables).

ionic contacts.’l In the crystal the anions exhibit C, local
symmetry but the deviation from C, symmetry is very small
as the bromoacyl substituent is rotated from the mirror
plane by only 7.5° (Figure 1). From the calculated structure
of the borate anion at the energy minimum [B3LYP/6-311+
G(d)] it can be predicted that there should be an even
smaller deviation from C; symmetry with a torsion angle of
0.4° and with an energy difference between C; and C, sym-
metry of less than 1 kJmol~!. All other differences between
the measured (solid state) and calculated (gas phase) bond
parameters of the [(CF;);BC(O)Br]~ anion are small
(Table 4) and are of the same order as found previously for
[(CF5);BC(O)F]"."! In agreement with the orientation of
the C(O)F ligand in the fluo-
roacylborate complex in which
the fluorine atom points into
the gap between two of the
three CF; groups,!'® the bro-
mine atom protrudes between
two trifluoromethyl substituents
and the oxygen atom is adja-
cent to the third CF; ligand
(Figure 1).

Models of the optimized
structures of the haloacylborate
anions [(CF;);BC(O)Hal]” as

Figure 1. Structure  of  the
[(CF;);BC(O)Br]~ ion in
[Ph,P][(CF;);BC(O)Br] (50%
probability ellipsoids).
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Table 4. Experimental®® and calculated™ bond parameters of [(CF;);BC(O)Hal]~ (Hal=F, Cl, Br, I).

[(CF3);BC(O)F] [(CF3);BC(O)CI]” [(CF;);BC(O)Br] [(CF;);BC(O)I] (CF3);BCO!

solid calcd caled solid calcd calcd solid gas phase calcd
symmetry C, C, C, (o C, C, C, Cs Cs
bond lengths
c-0 1.208(4) 1.186 1.176 1.167(4) 1.170 1.165 1.11(2) 1.124 1.119
C(O)—Hal 1.351(4) 1.406 1.933 2.064(3) 2.147 2.448 - - -
B—C(O)Hal 1.621(5) 1.635 1.647 1.634(4) 1.652 1.657 1.69(2) 1.617(12) 1.589
B—CF, 1.622(5) 1.646 1.648 1.623(4) 1.648 1.647 1.60(2) 1.631(4) 1.646
C-F 1.387(3) 1.368 1.366 1.340(4) 1.366 1.365 1.35(2) 1.348(1) 1.354
bond angles
B—-C-O 126.8(3) 131.5 130.2 131.25(26) 130.7 131.0 177.1(15) 180.0 180.0
B—C(O)—Hal 112.8(3) 112.0 114.9 113.97(18) 1155 117.0 - - -
O—C—Hal 120.5(3) 116.5 115.0 114.70(21) 113.8 112.0 - - -
B—C(O)Hal 109.5(2) 108.9 108.8 108.9(2) 108.6 108.3 104.4(12) 103.8(4) 105.5
C-B-C 109.4(2) 110.1 110.1 110.0(2) 1103 110.5 114.0(12) 114.5(4) 113.1
F-C-F 104.5(2) 105.1 105.2 104.9(2) 105.3 105.4 107.2(1) 107.2(1) 106.9
torsion angle
F,C-B—C(O)—Hal 180.0(2) 1715 177.4 173.5(2) 179.6 180 - - -

[a] For different bond lengths and angles mean values are calculated. [b] At the B3LYP/6-311+ G(d) level of theory (SDD for iodine). [c] See refer-

ence [16]. [d] See reference [8].

well as those of the related compounds MeC(O)Hal and
FC(O)Hal (Hal=F, Cl, Br, I) are depicted in Figure 2 and
selected bond parameters are also presented. The calculated
values are in good agreement with the experimental bond
lengths and angles. There are several important differences
between the three series of compounds: 1) d(C(O)—Hal)
values decrease from the borate anions to d(MeC(O)—Hal)
and d(FC(O)—Hal) and 2) [(CF;);BC(O)Hal]~ exhibits the
smallest O—C—Hal angles and FC(O)Hal the largest. Both
trends can be attributed to the large steric demand of the
(CF;);B group relative to that of the fluorine atom and the
methyl group as well as to the different charges—the boron
derivatives are anions while the members of the other two
series are neutral molecules. The steady changes from fluo-
rine to iodine for the three related series is due to a stronger
interaction with the other substituent, (CF;);B, Me or F,
bound to the carbonyl group.

Within the RC(O)Hal series, the d(C—O) value decreases
with increasing mass of the halogen atom, except for the
COF,/FC(O)Cl couple for which identical bond lengths
were calculated.

NMR spectra: Except for the NMR-active nuclei of chlor-
ine, bromine, iodine, and '°B, all the nuclei in the haloacyl-
borate anions [(CF;);BC(O)Hal]~ (Hal=F, Cl, Br, I) that
exhibit a spin of $=0 were investigated by NMR spectros-
copy (!B, °C, O, F). The chemical shifts and coupling
constants are summarized in Table5 and the isotopic
shifts®™ are collected in Table S7 in the Supporting Informa-
tion. The chemical shifts are similar to those of related com-
pounds that contain the (CF5);B—C fragment**!718 and to a
lesser extent to other (CF5);B—X compounds.’® The NMR
spectroscopic data for (CF;);BCO® and [B(CF;),] ™ are in-
cluded in Table 5 and Table S7 in the Supporting Informa-
tion for comparison.

The "B NMR spectra of [(CF;);BC(O)Hal]” (Hal=F, Cl,
Br, 1) and of (CF;);BCO are depicted in Figure 3. The "B
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chemical shifts are comparable to the values of related com-
pounds, for example, [B(CF;),] ¥ and [(CF;);BC(O)OH] .*!
[(CF;);BC(O)Br] " is found to have the highest 6(*'B) value
in the series. All "B NMR signals are split into decets as a
result of coupling with the nine equivalent "F nuclei of the
CF; groups. The °2/("B,F) coupling constants of
[(CF;);BC(O)Hal]” (Hal=F, Cl, Br, I) are approximately
27 Hz (Table 5). These coupling constants are larger than
that of [B(CF;),]” [("'B,"’F)=25.9 Hz]" and smaller than
that of the parent borane carbonyl [2/("'B,"”F) =36 +2 Hz]
indicating weaker B—CF; bonds in [B(CF;),]” and stronger
B—CF; bonds in (CF;);BCO. In addition to the interaction
with the nine “F nuclei of the CF; groups the ''B nucleus of
[(CF;);BC(O)F]~ couples to the 'F nucleus of the fluoroacyl
ligand (Figure 3).01%

The increase in the line widths of the ''B NMR signals in
the order [(CF;);BC(O)F]™ <[(CF;);BC(O)CI]” < [(CFs;);B-
C(0)Br]™ <[(CF;);BC(0)I]” < (CF;);BCO (Figure 3,
Table S8 in the Supporting Information) reflects the C(O)—
Hal bond strengths (Table 2): F~ forms the strongest bond
with the carbon atom of the carbonyl ligand, the C(O)—1
bond is the weakest in the isovalent-electronic series, and in
(CF;);BCO no substituent is attached to the CO ligand.
Broad signals are typical for "B NMR spectroscopy and are
due to the electric-field gradient at the quadrupolar "B nu-
cleus.”™! In Table S8 in the Supporting Information, the
measured 7 values for [(CF;);BC(O)Hal]~ (Hal=F, Cl, Br,
I), (CF;);BCO,! and [B(CF;),] ™™ are compared with the
corresponding 7, values which have been calculated from
the observed line widths.

The resonances of the CF, groups in the '’F NMR spectra
of [(CF;);BC(O)Hal]~ (Hal=F, Cl, Br, I) and (CF;);BCO
are presented in Figure 4. The “F resonance frequency in-
creases from the fluoroacyl derivative to the borane carbon-
yl. Owing to the coupling with "B, the signals are split into
quartets and in the case of [(CF;);BC(O)F]” the signal is
further split into a doublet as a result of *J(CYF;,C(O)"F)
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Figure 2. Calculated structures (bold typeface) and experimental bond parameters (normal typeface) for (CF;);BCO, MeCO*, FCO®,
[(CF;);BC(O)Hal]~, MeC(O)Hal, and FC(O)Hal (Hal=F, Cl, Br, I).
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Table 5. NMR spectroscopic data for [(CF;);BC(O)Hal]~ (Hal=F, Cl, Br, I), (CF;);BCO, and [B(CF;),]”.1*"

Parameter [(CF;);BC(O)F]~ [(CF;);BC(O)CI]~ [(CF;);BC(O)Br]~ [(CF3);BC(O)I] (CF;);BCOM [B(CF3),]
o("'B) —-19.1 -16.0 -152 —15.4 -17.9 -18.9
o("C) (CF;) 132.8 1323 131.5 130.11 126.2 132.9
o("C) (CO) 173.7 186.5 185.8 188.9!¢ 159.8
6("0) 412 549 570 6129 342
6(*F) (CFy) —61.2 —60.4 —60.2 —-59.8 -58.7 —61.6
0("F) (C(O)F) 783
("'B,*CF;) 74.6 75.8 76.8 76.7 80+5 734
J("'B,*CO) 73.1 703 67.5 60.9 30+5
J("*CF,,C"F;) 303.9 304.3 303.9 304.6 298.9 304.3
J(**CF,,C(0)"F) 398.0
2J("'B,C"F;) 27.1 26.9 27.1 27.0 3642 25.9
21("'B,C(O)"F) 51.7
2J(0,C(0)F) ~40
3J("®CF,,*CF;) 4.0 3.6 3.6 4 n.o. 3.9
*J(PCO,*C Fy) 4.0 3.9 3.6 n.o. n.o.
HJ(2CYF,,PCYF;) 6.3 6.3 6.3 n.o. 6.1 5.8
4J(2CYF,,C(0)"F) 7.6
ref. [e] [e] [e] [e] [g][EJ [4]
[a] 6 in ppm, J in Hz. [b] NMR solvent: CD;CN. [c] NMR solvent: CD,Cl,. [d] n.o.=not observed. [e] This work.

[(CF,),BC(O)F|~ [(CF,)),BCO)CI]”

[(CF,),BCO)CI]™
N l ‘ L,

[(CF,) BC(O)Br]”

[(CE,),BC(O)]”

(CF,),BCO

JV\L

— T T — 7T T T T
-4 -1 -16 -17 -18 -19 -20

o/ ppm

Figure 3. "B NMR spectra of (CF;);BCO and [(CF;);BC(O)Hal]~ (Hal=
E, Cl, Br, ).

coupling." The ’F NMR chemical shift [6(*’F)=78.3 ppm]
and the coupling scheme (quartet of decets; Table 5) of the
fluoroacyl substituent have been discussed in detail previ-
ously.' Similar to the "B NMR spectra, the line widths of
the ’F NMR signals increase from the fluorine derivative to
(CF;);BCO as a result of the interaction with the central ''B
nucleus. In contrast to 'B NMR spectroscopy the coupling
pattern of the “F NMR signals of (CF;);BCO and
[(CF;);BC(O)I]™ are distorted and do not exhibit the correct
coupling constants (Figure 4 and Table 5). Both phenomena
are explained by quadrupolar relaxation, which is well-
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[(CF),BC(O)T™

[(CF,) BCO)E]™

(CF})3BCO [(CFS)jBC(O)Br]_

S

T T T T T T T T T
-58.5 -59.0 -59.5 -60.0 -60.5
S/ ppm

—
-61.0

Figure 4. ’F NMR spectra of (CF;);BCO and [(CF;);BC(O)Hal]~ (Hal=
F, C1, Br, I).

known for a nucleus A that couples to a nucleus B with spin
S§>'5, and an inverse spin-lattice relaxation rate o,
(Table S8 in the Supporting Information) comparable to the
coupling constant “J(A,B).®**Y Owing to the small line
widths of [(CF;);BC(O)Hal]” (Hal=F, Cl, Br) the '°B satel-
lites are observed (Figure 4 and Table S7 in the Supporting
Information).

In the ®C NMR spectra of [(CF;);BC(O)Hal]~ (Hal=F,
Cl, Br, I) and (CF);BCO™ two signals are observed with a
relative intensity of 3:1 for the three CF; groups and the
haloacyl/carbonyl ligands, respectively. The observed trends
in the line widths and the distortions of the signals in the “C
NMR spectra are comparable to those observed in the “F
NMR spectra described above. The C NMR chemical
shifts of the CF; groups (Table 5) appear in the region typi-
cal for trifluoromethyl groups.” All the signals of the CF,

Chem. Eur. J. 2005, 11, 66536665
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groups are split into quartets [\/(CF;,*C¥F,)] of quartets
['J("'B,*CF;)] of septets [*J(*CF;,?CYF;)] (Table 5). The
J('B®CF;)  coupling  constants  increase  from
[(CF;);BC(O)F]™ to (CF;);BCO, analogous to the behavior
of 2J("'B,C"F;) (Table 5). This trend also indicates relatively
strong B—CF; bonds in the borane carbonyl, weaker bonds
in the acyl complexes, and even weaker ¢ bonds in the
[B(CF;),] ™ ion.

The signals of the “C nuclei of the haloacyl/carbonyl li-
gands are found at higher chemical shifts than those of the
trifluoromethyl groups. In the isovalent-electronic series o-
(*C(0)) increases in the following order: (CF;);BCO <
[(CE3);BC(O)F]” < [(CF5),BC(O)CI]” ~[(CF5);BC(O)Br] <
[(CF;);BC(O)I]~ (Table 5 and Figure 5). The signals exhibit
coupling to "B (quartet) and to the nine equivalent “F
nuclei of the CF; groups (decet). For [(CF;);BC(O)F]~ the
interaction with the nucleus of the directly bonded fluorine
atom (doublet) is also observed.'®! The coupling constants
1J("'B,*C(0)) are plotted against d(C—O) and d(B—C) in
Figure 6. As 'J("'B,"*C(O)) increases the B—C bond lengths
shorten and the C—O bond lengths increase.

FULL PAPER

It was possible to record the O NMR spectra of
[(CF;);BC(O)Hal]~ (Hal=F, Cl, Br, I) and (CF;);BCO de-
spite the broad lines (20-110 Hz) resulting from the quadru-
polar moment of 7O (eQ=-2.6x10"ecm?, 1=/)" and
the low natural abundance of "O (0.037%).”! The O
NMR chemical shift of (CF;),BCO [6("70)=342 ppm] lies
between those of neutral transition-metal carbonyls,™ for
example, Ni(CO), [6('"0)=362 ppm]®” and MeCO* [4-
(70)=299.5 ppm].I""! Relative to the related MeCO*/Me-
C(O)Hal and FC(O)Hal (Hal=F, Cl, Br, I) series, the 'O
NMR signals of [(CF;);BC(O)Hal]~ (Hal=F, Cl, Br, I) are
shifted to higher frequencies, as shown in Table 6 and
Figure 5. Increasing O resonance frequencies from iodo- to
fluoroacyl derivatives are observed for [(CF;);BC(O)Hal]~
(Hal=F, Cl, Br, I) as well as for FC(O)Hal and MeC(O)Hal
(Table 6 and Figure S). The data for (CF;);BCO and
MeCO*™! fit into this trend whereas no data is available
for FCO™ . In contrast to the increase in 8(*7O) a similar
trend in 8(**C(0)) is only found for [(CF;);BC(O)Hal]"
(Hal=F, Cl, Br, I) (Figure 5); for MeCO*/MeC(O)Hal and
FC(O)Hal (Hal=F, Cl, Br, 1), 6(**C(O)) decreases from the
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Figure 5. Comparison of O (left) and *C chemical shifts (right) of [(CF;),BC(O)Hal]~, FC(O)Hal, MeC(O)Hal (Hal=F, Cl, Br, I), (CF,);BCO, and
MeCO*™.
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Figure 6. Plot of 'J("'B,"*C(0)) against d(C—O) (left) and d(B—C(0O)) (right) for (CF,);BCO and [(CF;);BC(O)Hal]~ (Hal=F, Cl, Br, I) [d(B—C(O)) and

d(C—O0) are either experimental or calculated values].
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Table 6. C and "O NMR chemical shifts of [(CF;),BC(O)Hal]~, MeC(O)Hal, and FC(O)Hal (Hal=F, Cl, Br, I).

sBoyl (o) Ref. o(Bo) (o)l Ref. oBo) (o)l Ref.
(CF;);BCO 159.8 342 [7,8]®  CH,CO* 150.3 299.5 [15,60]
[(CF3);BC(O)F]” 173.7 412 fel CH,C(O)F 160.8 374 [61,64]  FC(O)F 134.1 310.3 [58]
[(CF;);BC(O)Cl]- 1865 549 (el CH,C(O)Cl  170.1 502.5 [59,62]  FC(O)Cl  139.9 366.4 [58]
[(CF;);BC(O)Br]~  185.5 570 (vl CH;C(O)Br  168.1 536 [59,65]  FC(O)Br  127.6 404.2 [58]
[(CF;);BC(O)I]~ 188.9 612 (vl CH,C(0)1 159.8 n.o.l! [63] FC(O)I 98.1 435.7 4]
[

a] 0 in ppm. [b] This work. [c] n.o.=not observed.

chloro- to the iodoacyl derivative. The differences in the
trends of 6(’0) and 6("*C(O)) are due to the direct bond
between the carbonyl carbon atom and the halogen atoms
which have no direct influence on the oxygen nuclei. The
shorter C(O)—Hal distance in MeC(O)Hal and FC(O)Hal
than in [(CF;);BC(O)Hal]~ explains the stronger influence
of the halogen atoms on 6(*C(O)) in the first two series.

Owing to the broad lines of the 7O NMR signals no cou-
plings to the nuclei of the (CF;);B fragments in
[(CF;);BC(O)Hal]~ (Hal=F, Cl, Br, I) and (CF;);BCO can
be observed. The 7O NMR signal of the [(CF;);BC(O)F]~
anion is split into a doublet as a result of 2/ coupling to the
YF nucleus of the fluoroacyl ligand [%/("O,C(O)"F)~
40 Hz]. Similar %/ coupling constants have been described
for other fluoroacyl species, for example, MeC(O)F* and
FC(O)E

Vibrational spectra: The IR and Raman spectra of K-
[(CF;);BC(O)F] and Cs[(CF;);BC(O)F] have been discussed
in detail previously.""! Herein we present the spectra of the
corresponding [nBu,N]* salt. The anion bands in the spectra
of [nBu,N][(CF;);BC(O)F] have been assigned by compari-
son with the spectra of the corresponding K™ salt. For the
three [(CF;);BC(O)F] salts, v(C—O) decreases in the order
K* (1829 cm )1 Cs* (1819 cm ") > [nBudN]*
(1816 cm™). This trend is explained by a decrease in the in-
teraction between the cation and the borate anion. The
C(O)F--K interaction weakens the C—F bond and strength-
ens the C=0O bond.

Owing to the instability of the haloacylborate anions
[(CF;);BC(O)Hal]~ (Hal=Cl, Br, I) in alkali metal salts
their IR and Raman spectra could not be obtained. Hence,
the vibrational spectra of [nBu,N][(CF;);BC(O)Hal] (Hal=
Cl, Br, I) were investigated, but the anion bands are partial-
ly overlapped by cation bands. The cation bands were iden-
tified by comparison with the spectra of [#Bu,N]-

[(CF;);BC(O)F] and [nBu,N][B(CN),J®! and the anion
modes by comparison with the spectra predicted by DFT
calculations. The experimental and theoretical wavenumbers
for the vibrations of the C(O)Hal moiety (Hal=F, Cl, Br, I)
are collected in Table 7 and complete Tables of the mea-
sured and calculated vibrational data are given in the Sup-
porting Information (Tables S3-S6). The vibrational spectra
of [nBu,N][(CF;);BC(O)Hal] (Hal=F, Cl, Br, I) are depict-
ed in Figure 7.

The band position of the (CF;);B fragments, which range
from 1300 to 400 cm™', are very similar (Figure 7, Tables S3—
S6 in the Supporting Information) and are also comparable
to the band patterns of other tris(trifluoromethyl)boron de-
rivatives.”*% The band positions as well as the intensities of
the vibrations that can be attributed to the C(O)Hal ligands
(Hal=F, Cl, Br, I) are strongly dependent on the halogen
(Table 7). The CO stretches are in the range typical of other
haloacyl compounds, for example, MeC(O)Hal or
FC(O)Hal (Hal=F, Cl, Br, I), as presented in Figure 2.
There is no clear trend in the values of v(CO) in the series
[(CF;);BC(O)Hal]~ (Hal=F, Cl, Br, I) as in MeC(O)Hal
and FC(O)Hal. The values of v(C—Hal) decrease from the
fluoro- to the iodoacyl complex. The assignment of bands to
v(B—C(O)Hal) is uncertain because strong coupling with v,-
(B—CF;) (A’) takes place as indicated by DFT calculations,
hence, two values are given in Table 7. While the lower
values for v(B—C(O)Hal)/v{(B—C) derived from DFT calcu-
lations show a low dependence on the halogen atom, the vi-
brations with the higher wavenumber decrease from chlor-
ine to iodine. In the case of [(CF;);BC(O)F]~, v(B—
C(O)Hal)/v(B—C) with the higher value is also coupled
with v(C—F) (1077cm™') resulting in a lower value
(852 cm™") compared to its higher homologues. As expected
the wavenumbers for the deformation modes 6(HalCO) and
n(HalCO) decrease from fluorine to iodine.

Table 7. Experimental and calculated® band positions of the C(O)Hal fragment in [(CF;);BC(O)Hal]~ (Hal=F, Cl, Br, I)."

Assignment!®! [(CF;);BC(O)F] 14l [(CF3);BC(O)CI1] ! [(CF3);BC(O)Br] ! [(CF;);BC(O)1]
Calcd IR Ra Calcd IR Ra Calcd IR Ra Calcd IR Ra

v(CO) A 1871 1829 1829 1894 1801 1804 1920 1819 1826 1946 1810 1810
v(CHal) A 1053 1077 n.o. 653 655 661 622 624 631 591 599 608
v(B—C(0)) A 838 852 855 954 979 n.o. 933 959 n.o. 913 942 n.o.

A’ 271 289 279 272 n.o. 270 271 n.o. n.o. 272 n.o. n.o.
0(HalCO) A 655 667 667 384 n.o. 399 345 n.o. 354 338 n.o. 346
n(HalCO) A" 600 601 n.o. 506 516 520 496 501 n.o. 483 490 n.o.
p(HalCO) A 340 354 353 198 n.o. 208 118 n.o. 128 79 n.o. n.o.

[a] At the B3LYP/6-311+G(d) level of theory. [b] Wavenumbers in cm™'. [c] According to C, symmetry. [d] K* salt, Cs*: v(CO)=1819 cm™!; [nBu,N]*:
1816 cm ™. [e] [nBu,N]* salt. [f] n.o.=not observed. [g] v(B—C(O)) is strongly mixed with v(B—CF;) (A").
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[nBu,NJ[(CF,) BC(O)F]

[nBu,NJ[(CE,),BC(O)CI]

[nBu,NJ[(CF,),BC(O)Br]

[nBu,NJ[(CF,), BC(O)]

1800 1500 1200 900 600 300
wavenumber / cm’’

Figure 7. IR and Raman spectra of [nBu,N][(CF;);BC(O)Hal]~ (Hal=F,
Cl, Br, I).

Summary and Conclusions

The synthesis of haloacylborates has been a challenge in
mononuclear borane carbonyl chemistry. Their unprecedent-
ed high thermal stabilities have enabled detailed spectro-
scopic as well as structural investigations. A comparison of
the properties of the haloacylboron complexes with those of
the similar neutral MeC(O)Hal and FC(O)Hal (Hal=F, CI,
Br, I) compounds reveals some substantial differences, for
example, elongated C(O)—Hal bonds in the borate anions or
different trends in the "C chemical shifts of the carbonyl
carbon atoms. These differences have been attributed to the
negative charge of [(CF;);BC(O)Hal]~ (Hal=F, Cl, Br, I) in
comparison to the related neutral species, which also result
in lower C(O)—Hal bond energies. To a lesser extent the dif-
ferent properties of the haloacylboron compounds are due
to the sterically demanding (CF;);B group. An example of a
trend followed by all three haloacyl series is the decrease in
the thermal stability from the fluoroacyl to the correspond-
ing iodoacyl derivative.

A first glance at the chemistry of [(CF;);BC(O)Hal]~
(Hal=F, Cl) ions has been presented; for example, the syn-
theses of the first phospha- and arsaethynyl complexes of
boron."! The different reactivities of (CF;);BCO,
[(CF;);BC(O)F]~, and [(CF;);BC(O)CI]” with the same re-
agents result in different products. The advantages of
[(CF;);BC(O)Hal]~ (Hal=F, Cl) over the borane carbonyl
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in synthetic reactions is their solid nature and higher ther-
mal stability, which allows easy storage and handling in a
glove box.

Experimental Section

Apparatus: Volatile materials were manipulated in glass vacuum appara-
tus of known volume equipped with valves with PTFE stems (Young,
London) and with capacitance pressure gauges (Type 280E, Setra Instru-
ments, Acton, MA). Solid materials were manipulated inside an inert at-
mosphere box (Braun, Munich, Germany) filled with argon and with a
residual moisture content of less than 0.1 ppm.

Chemicals: All standard chemicals were obtained from commercial sour-
ces. Solvents were dried and stored over molecular sieves (4 A) under ni-
trogen in flasks equipped with valves with PTFE stems (Young, London).
(CF;);BCO was prepared by the acidic hydrolysis of K[B(CF;),] with
H,SO, as reported previously™® and stored in flame-sealed glass am-
poules under liquid nitrogen in a Dewar storage vessel. NOCl was ob-
tained from Merck-Schuchardt. K[(CF;);BC(O)F] was prepared accord-
ing to the literature procedure.” Ampoules were opened and flame-
sealed again using an ampoule key.["”)

Vibrational spectroscopy: Infrared spectra were recorded at room tem-
perature with an IFS-66v FT spectrometer (Bruker, Karlsruhe, Germa-
ny). For each spectrum 64 scans were co-added with an apodized resolu-
tion of 2cm™'. The samples were measured between AgBr discs or as
Nujol mulls between AgBr discs in the region of 4000-400 cm™'. Raman
spectra were recorded at room temperature with a Bruker RFS100/S FT
Raman spectrometer using the 1064 nm exciting line of a Nd/YAG laser.
Crystalline samples in large melting point capillaries (2 mm o.d.) were
used to record spectra in the region of 3500-50 cm ™' with a resolution of
1 em™. For each spectrum 256 scans were co-added and the Raman in-
tensities were corrected by calibration of the spectrometer with a tung-
sten halogen lamp.

Differential scanning calorimetry: Thermo-analytical measurements were
made with a Netzsch DSC204 instrument. Temperature and sensitivity
calibrations in the temperature range of 20-500°C were carried out with
naphthalene, benzoic acid, KNO;, AgNO;, LiNO;, and CsCl. Solid sam-
ples (about 5-10 mg) were weighed and placed in sealed aluminium cru-
cibles. They were studied in the temperature range of 20-500°C at a
heating rate of 5 Kmin~'; throughout this process the furnace was flushed
with dry nitrogen. To evaluate the output, the Netzsch Protens4.0 soft-
ware was employed.

NMR spectroscopy: 'H, 'O, 'F, and "B NMR spectra were recorded at
room temperature with a Bruker Avance DRX-300 spectrometer operat-
ing at 300.13, 40.69, 282.41, and 96.92 MHz for 'H, 7O, “F, and "B
nuclei, respectively. *C NMR spectroscopic studies were performed at
room temperature with a Bruker Avance DRX-500 spectrometer operat-
ing at 125.758 MHz. The NMR signals were referenced against TMS (‘H
and "C), CFCl; ("F), BFy-OEt, in CD;CN ('B), and H,O ('’O) as exter-
nal standards. Samples of moisture-sensitive compounds for NMR spec-
troscopic studies and reactions monitored by NMR spectroscopy were
prepared in 5 mm NMR tubes equipped with special valves with PTFE
stems (Young, London).l®! Dry CD,Cl, or CD;CN was used as the sol-
vent.

Single-crystal X-ray diffraction: Crystals of [PPh,][(CF;);BC(O)Br] suit-
able for X-ray diffraction were obtained from CH,CI, solution by slow
uptake of pentane vapor. Diffraction data were collected at 100 K with a
KappaCCD diffractometer (Bruker AXS) using Moy, radiation (1=
0.71073 A) and a graphite monochromator. The crystal structure was de-
termined by using SHELXS-971) and full-matrix least-squares refine-
ment based on F* was performed using SHELXL-97."” Integration and
empirical absorption corrections (DENZO scalepack)” were applied.
Molecular structure diagrams were drawn by using the Diamond pro-
gram.”” The experimental details and crystal data are summarized in
Table 3.
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Quantum-chemical calculations: DFT calculations™ were carried out
using Becke’s three-parameter hybrid functional and the Lee—Yang—Parr
correlation functional (B3LYP)"*7 with the Gaussian 98 suite of pro-
grams."”) Geometries were optimized and energies calculated with the 6-
311+ + G(d) basis set and all structures represent true minima on the re-
spective hypersurface (no imaginary frequency). Diffuse functions were
incorporated because improved energies are obtained for anions.™ All
energies presented herein are zero-point corrected and thermal contribu-
tions are included in enthalpies and free energies calculated for 298 K.

Synthetic reactions

[nBu/N][(CF;);BC(O)F]: A 50 mL round-bottom flask equipped with a
valve with a PTFE stem (Young, London), fitted with a PTFE-coated
magnetic stirring bar, and placed inside a dry box was charged with K-
[(CF;);BC(O)F] (579 mg, 1.9 mmol) and [#Bu,N]|Cl (476 mg, 1.7 mmol).
The reaction vessel was attached to a glass vacuum apparatus and
CH,CI, (40 mL) was added under nitrogen. The reaction mixture was stir-
red for 2 h. The resulting suspension was filtered through a Schlenk frit
charged with Celite. The residue and the frit were washed with CH,Cl,
(40 mL). All volatiles were removed under vacuum and a colorless solid
was obtained. Yield based on [#Bu,N]Cl: 761 mg (1.5 mmol, 90%); ele-
mental analysis caled (%) for C;gH3BF,;,NO: C 47.35, H 7.15, N 2.76;
found: C 46.75, H 7.50, N 2.78.

[nBu,N][(CF;);BC(O)CI]: Inside a dry box [nBu,N]CI (1.06 g, 3.8 mmol)
was placed in a 100 mL round-bottom flask equipped with a valve with a
PTFE stem (Young, London) and fitted with a PTFE-coated magnetic
stirring bar. At —196°C (CF;);BCO (990 mg, 4.0 mmol) followed by di-
chloromethane (25 mL) were transferred to the vessel under vacuum.
The flask was placed in a cold bath at —80°C and while stirring the reac-
tion mixture was allowed to warm to room temperature overnight. All
volatiles were removed in vacuo to yield a colorless solid. Yield based on
[nBu,N]Cl: 1.94 g (3.7 mmol, 97 % ); purity determined by ’F NMR spec-
troscopy: 98%; elemental analysis caled (%) for C,H;BCIF,NO: C
45.86, N 2.67; found: C 45.72, N 2.75.

[Et,N][(CF;);BC(0)Cl], [Ph,P][(CF3);BC(0)Cl], [nBu,N]-
[(CF;);BC(0)Br], [Ph,P][(CF;);BC(0)Br], and [nBu,N][(CF;);BC(O)I]:
The title salts were synthesized according to the procedure described for
the preparation of [#Bu,N][(CF;);BC(O)Cl] using (CF;);BCO and
[Et,N]CIL, [Ph,P]Cl, [nBu,N]|Br, [Ph,P]Br, or [nBu,N]I as the starting ma-
terials.

[Et,N][(CF;);BC(O)Cl]: Yield based on [Et,N]Cl: 1.07 g (2.6 mmol,
96%); purity determined by “F NMR spectroscopy: 98 %; elemental
analysis caled (%) for C,,H,BCIF,NO: C 35.02, H 4.90, N 3.40; found: C
35.64, H5.09, N 3.41.

[PhP][(CF;);BC(0)CI]: Yield based on [Ph,P]Cl: 1.68 mg (2.7 mmol,
96%); purity determined by “F NMR spectroscopy: 98%; elemental
analysis calcd (%) for C,3sH,BCIF,OP: C 54.18, H 3.25; found: C 54.80,
H 3.24.

[nBu,N][(CF;);BC(O)Br]: Yield based on [nBu,N]|Br: 1.70 g (3.0 mmol,
97%); purity determined by F NMR spectroscopy: 98%; elemental
analysis calcd (%) for C,H3BBrF,NO: C 42.28, N 2.47; found: C 42.03,
N 2.56.

[Ph,P][(CF;);BC(0)Br]: Yield based on [Ph,P]Br: 665 mg (1.0 mmol,
98%); purity determined by “F NMR spectroscopy: 98%; elemental
analysis calcd (%) for C,sH,BBrF,OP: C 50.56, H 3.03; found: C 51.04,
H 3.01.

[nBu,N][(CF;);BC(O)I]—Method A: Yield based on [nBu,N]I: 492 mg
(0.8 mmol, 95%); purity determined by ""F NMR spectroscopy: 98 %; el-
emental analysis caled (%) for C,)H3BFINO: C 39.05, N 2.28; found: C
40.07, N 2.29.

[nBu,N][(CF;);BC(0)I]—Method B: [nBu,N][(CF;);BC(O)F] (146 mg,
0.29 mmol) was weighed into a 15 mL glass tube equipped with a valve
with a PTFE stem (Young, London), fitted with a PTFE-coated magnetic
stirring bar, and placed inside a dry box. Dichloromethane (5 mL) and
Me,Sil (0.5 mL, 1.8 mmol) were added by syringe under nitrogen. The
colorless solution was stirred overnight. After removal of all volatiles
under vacuum a colorless solid was obtained. Yield: 177 mg (0.29 mmol,
99%).
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Reaction of (CF;);BCO with [Et;NH]CI in CD,Cl,: A 5 mm o.d. NMR
tube equipped with a valve with a PTFE stem (Young, London)®! was
charged with [Et;NH]Cl (56 mg, 0.41 mmol). (CF;);BCO (75 mg,
0.31 mmol) and CD,Cl, (1 mL) were added under vacuum at —196°C.
The reaction mixture was warmed to room temperature and analyzed by
NMR spectroscopy: 86% [Et;NH][(CF;);BC(O)Cl], 10% [Et;NH]-
[(CF;);BCl], and 4 % other perfluoroalkylborate salts.

The reaction mixture was kept for 18 h at room temperature and then
NMR spectra were recorded again: 60 % [Et;NH][(CF;);BC(O)Cl], 30 %
[Et;NH][(CF;);BCl] and 10 % other perfluoroalkylborate salts.

Reaction of (CF;);BCO with HCl in Et,0: (CF;);BCO (75 mg,
0.31 mmol) and Et,0 (1 mL) were transferred under vacuum to a 5 mm
o.d. NMR tube equipped with a valve with a PTFE stem (Young,
London).® A 50 mL flask equipped with a valve with a PTFE stem
(Young, London) was charged with HCI (0.9 mmol). The flask was con-
nected to the NMR tube and the HCI was allowed to diffuse into the
borane carbonyl solution which was kept at —100°C. Within 30 minutes a
colorless solid had precipitated from the solution. All volatiles were then
removed at —100°C under reduced pressure. CD,Cl, (1 mL) was con-
densed into the NMR tube at —196°C. The solution was warmed to
—50°C, and NMR spectra were recorded: analysis of the spectra revealed
the formation of [H(OEt,),][(CF;);BC(O)CI]. '"H NMR data for the [H-
(OEt,),]* cation: 6=163 (s, O-H*-0), 4.1 (q, 8H, Jyc=150.0 Hz,
*Jun=72Hz, 'AH(**"*C)=0.0034 ppm, CH,), 1.4ppm (t, 12H, Jyc=
128.4 Hz, *Jy y=7.2 Hz, 'AH(**"*C) =0.0030 ppm, CHj).

The reaction mixture was then warmed to room temperature. After 14 h
an orange solution was obtained. Complex NMR spectra were obtained
and hence a complete assignment was impossible although
[(CF3);BCI] ™" and [(CF);BF] >3 which were formed in small quanti-
ties, were identified.

NOI(CF;);BCl]: At —196°C (CF;);BCO (840 mg, 3.4 mmol) and NOCI
(5 mL) were condensed into 100 mL round-bottom flask equipped with a
valve with a PTFE stem (Young, London) and fitted with a PTFE-coated
magnetic stirring bar. After warming to room temperature a clear color-
less solution was obtained that was stirred overnight. All volatiles were
removed in vacuo and a colorless solid was obtained. The residue was an-
alyzed by "B and “F NMR spectroscopy: 79% NO[(CF;);BCl], 13%
NOJ(CF;);BF], 1% NOJ[C,F;sBF;], and 7% unidentified products. NMR
data of the [(CF;);BCl]” ion: "F NMR: 8=-658ppm (q, Y=
303.5Hz, “Jgr ~30Hz, “Jgr=6.1Hz, 'AF(**"C)=0.1303 ppm, ‘AF-
(*'Cl)=0.0014 ppm); "B NMR: 0=-12.7 ppm (decet, 'J5-~82 Hz,
2J5r=30.2 Hz, 'AB(**"*C) =0.0005 ppm).*!
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