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Abstract:

Rationale

Potassiumorganotrifluoroborates RBFsKare important reagents used
in organic synthesis. Although mass spectrometry iscommonly usedto
confirmtheir molecular formulae,the gas-phase fragmentation
reactions of organotrifluoroboratesand their alkalimetal cluster
ions have not been previously reported.

Methods

Negative-ion mode electrospray ionization (ESI)together with collision-
induced dissociation (CID)using a triple quadrupole mass spectrometer
were used to examinethe fragmentation pathways for RBF; (where R =
CHjs, CH3CH,, CH3(CHy)3, CH3(CHy)s, ¢ -CsHs, CsHs, CsHsCH,, CH,CHCH,, CH,CH,
CsHsCO) and M(RBF3), (M =Na, K), while density functional theory (DFT)
calculationsat the M06/def2-TZVP level of theory were used to examine
thestructuresandenergiesassociated with fragmentation reactions
for R=Me and Ph.

Resul ts

Upon CID, preferentially elimination of HFoccurs for RBFs; ions for
systems where R=an alkyl anion,whereas R formation is favoured
when R=a stabilised anion. At higher collision energieslossof F and
additional HF losses are sometimes observed. Upon CID of M(RBF3),
formation of RBFs; isthe preferred pathway with some fluoride
transfer observed only when M=Na.The DFTcalculated relative
thermochemistry for competing fragmentation pathways is consistent
with the experiments.

Conclusions

The main fragmentation pathways of RBFs"are HFelimination and/or R™
loss. Thiscontrastswith the fragmentationreactions of other
organometallateanions,wherereductive elimination,beta hydride
transfer and bond homolysisare often observed. The presence of
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fluoride transfer upon CID of Na(RBF3), but not K(RBF3), is in agreement
with the known fluoride affinities of Na*and K*and can berationalized
by Pearson’s HSABtheory.

Running Head:Unimolecular Reactivity of Organotrifluoroborate
Anions
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1. Introduction:

Organoboron compounds are important substratesused in organic
synthesis.?? Amongst the various classes of these reagents, potassium
organotrifluoroborates RBFsKareattractive sincethey:are air stable
solids;canreadily be prepared fromany boronic acid derivative in high
yield for a widerange of organic groups (R=alkyl,aryl,alkenyl,
alkynyl etc.);undergo a number of useful reactionsincluding in situ
formation of RBF;via fluoride abstraction by Lewisacids and
transmetallation reactions®*>Although electrospray ionization of
these RBFsKsalts has beennotedtoreadily generate
organotrifluoroborate anions for HRMSstudies,’the gas-phase
fragmentation reactions of RBF; have not yet been reported. Here we
examinethe CIDreactionsof arangeoforganotrifluoroboratesthat
arerepresentative of variousorganic groups,R,to establish the
competition between loss of the organic anion (eq.1),loss of fluoride
(eq.2),and loss of HF (eq. 3). Whererelevant,we make comparisonstothe
fragmentation of other classesof organoboratesand
organometallates.In addition,we examine the fragmentation reactions
of alkalimetal cluster ions, M(RBF3), to probe the competition between
formation of RBF; (eq.4)and fluoride transfer (eq.5).

— R® + BFg (1)
F,o,R
F,B\F — > F9 4+ RBF, )
L = (R-H)BF, + HF (3)

710
®< . o,R> — = RBF;® + M(RBF;) (4)
M /
2

L > FM(RBF5)° + BF; (5)

R = Me (CHj3); Et (CH3CH,); Bu (CH3(CH,)3); Hex
(CH3(CH,)s); c-Pr (c-C3H5); Ph (CgHs); PhCH, (CgH5CHo);
allyl (CH,CHCH,); vinyl (CH,CH), benzoyl (CgH5CO).
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Scheme 1:Potential competing fragmentation pathways for
organotrifluoroborateanions,RBF;, and their alkalimetal cluster
ions, M(RBF3),” together with the systems studied here.

2. Experimental and Theoretical Methods.

2.1 Materials: The following potassiumorganotrifluoroboratessalts,
RBF3K, were sourced from Sigma Aldrich and used without further
purification,where R=:CHs, potassiummethyltrifluoroborate, MeBF;K;
CH3CHy, potassiumethyltrifluoroborate, Et BFsK (95%); c-CsHs, potassium
cyclopropyltrifluoroborate,cyclopropyl BFsK(90-95%); CsHsCHo,
potassiumbenzyltrifluoroborate, benzyl BF;K (95%); CH,CHCH,,
potassiumallyltrifluoroborate,allyl BFsK (95%); CsHsCO, potassium
benzoyltrifluoroborate,benzoyl BFsK. The remaining salts, RBFsK, were
availablefroma previous study wher e R=: CH3(CH,)s, potassium
butyltrifluoroborate, BuBF;3;K; CH3(CH,)s potassium
hexyltrifluoroborate, HexBF3K; C¢Hs, potassium phenyltrifluoroborate,
PhBFsK; CH,CH, potassiumvinyltrifluoroborate, vinBFsK.’

2.2 Mass spectrometry:

Electrospray ionization mass spectrometry and tandem mass
spectrometry experiments (MS/MSanalysis)was performed using a
Nexera X2 UHPLC System (Shimadzu Corporation, Kyoto,Japan)
interfaced with a LCMS-8060 (Shimadzu Corporation, Kyoto,Japan)triple
quadrupole mass spectrometer.The UHPLC systemwas operated inthe
isocratic,flow injection mode, delivering 250 pL/min of acetonitrile with
5uL injections of each potassiumorganotrifluoroborate sample. The
dual ion source (DUIS) interface was set for electrospray ionization,
operating in the negative mode with the interface parameters optimized
tothefollowing conditions:nebulizer gas flow: 2 L/min; heating gas
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flow: 10 L/min;interface temperature:300°C;desolvation line
temperature:250°C;heat block temperature:400°Cand interface
voltage:3kV.The mass spectrometer was operated in negative ion Q3
scan mode (to generate ESI-MS)and product ion mode (to generate ESI-
MS/MS). The Q3scan range was 10-500 m/z and an acquisition time of 0.6
min was used. For the MS/MS experiments,the precursor ion was mass
selected with a width of 0.7amu,and wasallowed to undergo collisions
with theargon collision gas. The backing pressure of theargon line
was 230 kPa,and the pressureinsidethe collision cell was modelledto
be 0.79213 Pa.In these CID exper iments,the centre of laboratory
collision energies were varied by starting at 10eVand increasing in5
eVincrementsto 40eV.Intablesland 2thecentre of laboratory

collision energiesare convertedto centre of mass collision energies.?

2.3Theoretical Calculations:

All theoretical calculations were performed within the Gaussian 09
program®using the M06 functional *with all calculations completed
inthe gas phase. To assess whether thelossesof Ph"and F from PhBF;~
were barrierless,potential energy scanswe carried out by stretching
the B-Cand B-Fbonds out to a distance of 45Angstroms using the 6-
31+G(d) basis set. Geometry optimizations,frequency calculations and
transition statecalculations were performed using thelarge def2-TZVP
basis set.” The complete model isreferred to as M06/def2-TZVP.

3. Results and discussion
3.1 Mass spectrometry
All potassiumorganotrifluoroboratesaltsgaveabundant

organotrifluoroborate anions, RBFs,upon electrospray ionization in
the negative ion mode (data not shown). In addition,thealkalimetal
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cluster ions, K(RBF3), and Na(RBF;3),” were observed inall cases. The
former is expected froma potassiumsalt,whilethelatter likely arises
fromadventitious background sodiumcations.Inthe next sections, we
describe the gas-phase fragmentation reactions of RBF;", K(RBF3), and
Na (RBF3),” under CIDconditions and use DFTcalculationsto shed light
intotheenergeticsof the fragmentationreactionsinthe casesof R=
Me and Ph.

3.1.1Fragmentation reactions of RBF; under CID conditions
3.1.1.1R=an al kyl anion, CH;z, CH3CH,, CH3(CH,)3, CH3(CH,)s and c¢-CsHs.

At lower CIDenergies,the parent system MeBF; (m/z=83)fragments via a
single pathway (Figure 1(a))involving theloss of HFwith concomitant
formation of the boron stabilized carbanion CH,BF, (m/z=63).”* Rel ated
el imination reactions (eq.3)have been observed inthe fragmentation
reactions of MesBF.® At higher collision energies formation of F
(m/z=19) and CHBF (m/z=43)are also observed (Figure S1)and these are

likely to arise fromsecondary fragmentation reactions of CH,BF, .

CHBF S BuBF
100 4 2R 100 4 *

CH,BF,

MeBF |
50

Relative signal intensity
Relative signal intensity

CH.BF

01— : . . : . r . | [ R T e O
20 40 60 80 100 20 40 60 80 100 120

m/z m/z
Figure 1: Mass spectra of mass-selected organotrifluoroborate anions

and their fragment ions produced upon collision-induced dissociation:

This article is protected by copyright. All rights reserved.
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(@) MeBF3  (m/z 83,col lision energy =20eV); (b) BuBFz (m/z 125,col lision
energy =15eV).

The observed reactivity of MeBFz is consistent with the DFTcalculated
potential energy diagram (Figure 2)for three potential reactions
involving heterolytic cleavage of the B-Ror B-Fbonds.Cleavage of the
B-Rbond via barrierlesslossof theorganic anion,CH;s (eq.1l)isthe
highest energy process, requiring 355.2 kJmol and isnot observed
experimentally. The other two fragmentation processes are associated
with cleavage of the B-Fbond via loss of F (eq.2)and el imination of HF
(eq.3). After initial cleavage of the B-Fbond the fluoride anion can
either fully depart or can migratetowardsthe methyl groupand
abstract a protonresulting inthe formation of HFand CH,BF,". The
barrier for deprotonation of CH3BF, by F (200.8 kJ/mol) lies below the
final energy (293.8 kJ/mol)of the separated products of HFelimination,
which in turnislower thantheenergy for F loss,which was
calculated at 3209 kJmol.Taken together,thesetheoretical results
areconsistent with the fact that HFeliminationisthe sole
fragmentation channel observed under low energy CID conditions.
Finally,given theisoelectronic nature of CHsBF; and CHsCFs, it is not
surprising that thelossof HFunder thermal activation conditions
occurs for both species via a cis-1,2el imination reaction *®and that

their calculated mechanisms are similar .
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Figure 2: DFTcalculated (M06/def2-TZVP) potential energy diagramfor
MeBF; fragmentation (kJmol).

Rgroups with longer alkyl chainsundergo similar losses (Figures S2-S5)
assummarized in Table land illustrated for BuBF; (m/z=125), which at
lower CIDenergies,also fragments via theloss of HF (Figure 1(b))
resulting inthe formation of the boron stabilized carbanion C4HgBF,”
(m/z=105). The formation of C4H;BF (m/z=85)is also observed and isthe
result of a second loss of HF. At higher collision energies formation of
F"(m/z=19)and a third loss of HFare also observed (Figure S3).

Table 1: Summary of observed fragmentation pathways from CID

experiments on mass selected alkyltrifluoroborate anions.

This article is protected by copyright. All rights reserved.
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Observed fragment ion,centre of mass col lision
energy where anion first appearsineVand (relative %
abundance)
RBF3; (m/z) R™ F (R-H)BF,” (R -2H)BF
MeBF; (83) (@) 9.8 3.3 9.8
(7) (24) (10)
Et BF3 (97) @) 8.8 2.9 (@)
(14) (31)
BuBF; (125) (@) 8.5 2.4 2.4
(%) (77) (6)
Hex BF3™ (153) 8.3 8.3 2.1 2.1
() (7) (45) (7)
Cyclopropyl BFs” (@) 6.5 2.7 8.1
(109) (b) (8) (13) ®)

(@)Channel not observed.
(b) The product ion (CH;BF,,m/z=63) is al so observed at a centre of
mass collision energy of 6.7eVwitharelativeabundance of 30%.

3.1.1.2R=the stabil ised anions, C¢Hs, CsHsCH,, CH,CHCH,, CH,CH and CgHsCO.

At lower CIDenergies, PhBF; (m/z=145) fragments via a single pathway
(Figure 3(a)). However,in contrast tothealkyl anions this
fragmentation occursvia cleavage of the R-Bbond to formthe phenyl
anion (m/z=77,eq.1). At higher collision energies,the formation of F
(m/z=19)is also observed (Figure S9). For the fragmentation of PhBF; two
possible pathways were considered;the elimination of CgHs (eq.1)and
theelimination of F (eq. 2) (Figur e 3). The elimination of CgHs was determined to
be barrierless based upon a potential energy scan in which the B-C bond of PhBF;~ was
stretched. No inflection points were observed (Figure S6), and attempts to optimize a
transition state using the structure optimized at 3.3 Ansgtroms from this scan resulted in the
two fragments continuing to migrate away from each other and ultimately failed. In PhBF3~

the three fluorine atoms are found in two different environments; one lies in the plane of the

This article is protected by copyright. All rights reserved.
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phenyl ring whilst the other two related by symmetry are positioned above and below the
plane of the ring. Scans lengthening the B-F bond from these two environments showed small
inflection points (Figures S7 and S8). Transition state calculations performed on each of
these points produced identical transition states in which the eliminated fluorine anion forms
a hydrogen bond to the closest hydrogen atom of the phenyl ring. The barrier for this
transition state (243.9 kJ/mol) lies below the final energy for F~ elimination (309.2 kJ/mol).
Therelativeenergiesof the C¢Hs and fluoride el imination pathways
were 309.2and 345.1 kJ/mol respectively indicating that CgHs el imination
should bethe favoured pathway. These computational results (Figure 4)
arein agreement with the experimental spectra wheretheonly product
observed at lower energiesisthe CgHs anion (Figure3(a)).

—
o
=
—_
=2
=

PhBF, :
e S C.H BF;

—
o
S
—
=3
=3

w
S
1
w
=]
1

C.H,BF;

Relative signal intensity
Relative signal intensity

Ph

50 ' ll[)O l 1;0 ‘ ’ JIO ' 4[0 ‘ 6I0 ' STO ' 160 ’ l.:O ' l-ill) ' 160
Figure 3: Mass spectra of mass-selected organotrifluoroborate anions
and their fragment ions produced upon collision-induced dissociation:
(@) PhBF3 (m/z 145,col lision energy =15eV); (b) benzyl BF; (m/z 159,

collision energy =20eV).
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F
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Figure 4:DFT calculated (M06/def2-TZVP) potential energy diagramfor
PhBF; fragmentation (kJmol).

At lower CIDenergies,benzyl BFs (m/z=159)also fragments via the loss
of R producing the C;H; ion (m/z=91) (Figur e 3(b)). In addition to this
pathway it canalso fragment via theloss of HFto form C;H¢BF,™
(m/z=139),a reaction similar to that discussed for MeBF; above. At
higher collision energiesthe formation of C;HsBF (m/z=119)from a

secondary HFlossisalso observed (Figure S10).

Incontrast totheother studied stabilised anionsthe
allyltrifluoroborate anion (m/z=109)does not fragment (Figure S11)via
thelossof R (eq.1l)and at lower collision energiesthe sole
fragmentation pathway isthe elimination of HFfor ming the CsHsBF, ion

This article is protected by copyright. All rights reserved.
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(m/z=89, eq. 3). At higher collision energiesrelease of F (eq.2)is observed
inadditionto the formation of CH,BF, (m/z=63) and C3Hs™ (m/z=39).

The vinyltrifluoroborate anion (m/z=95) fragments (Figure S12)
primarily via thelossof R"(eq.1).It also fragments via loss of F (eq. 2)
and elimination of HF (eq. 3). Initial fragmentation of the vinyl BF;~
(m/z=95) occurs at a higher collision energy thanany of theother
studied systems. Thus,an examination of Table 2revealsthat initial
fragmentation occursat a centre of masscollisionenergy of 1.9-27eV
for all systems apart fromthe vinyltrifluoroborate anion for which

ionsdo not appear until a centre of masscollision energy of 5.9eV.

Table 2:Summary of observed fragmentation pathways from CID
experiments on mass selected organotrifluoroborate anions, RBF3,

where R=a stabhilised anion.

Observed fragment ion,centre of mass
collision energy where anion first appears in
eVand (relative %abundance)
RBF; (m/z) EA® R F (R-H)BF, | (R-2H)BF
PhBF;3 (145) 1.096 2.2 7.6 (b) (b)
(78) (9)
benzyl BF; (159) 0.912 2.0 (b) 2.0 6.0
(88) (22) (10)
allyl BFs (109) 0.481%° (b) 10.7 2.7 (b)
©) (49)
vinyl BF3; (95) 0.667 7.4 7.4 59 (b)
(69) (12) (8)
benzoyl BF; (173) 0.56 @ (b) (b) (b) (b)

(@)EA=electron affinity ineV,taken fromref 19b.

(b) Channel not observed.

(c)The product ion CH,BF, (m/z=63) is al so observed at a centre of
mass collision energy of 5.4eVwitharelativeabundance of 18%.

This article is protected by copyright. All rights reserved.
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(d)The product ion Ph™(m/z=77)also observed at a centre of mass
collision energy of 1.9eVwitharelativeabundance of 26%.

At all studied collision energies,thesole product upon CID of

benzoyl BFs isthe Ph™ (m/z=77)ion formed via loss of COand BFsfromthe
parent benzyltrifluoroborate anion (m/z=173) (Figur e S13). This ion might
be formed via either of two pathways:concerted loss of COand BF3(eq.
6); or initial loss of BFsto produce the benzoyl ion (m/z=105,eq. 7), which
then loses COto producethe Ph ion (m/z=77,eq.8).Since acyl anions are

17,18

stablespeciesinthe gas-phase andthe benzoyl ionisnot observed in

our experiments,itsseems likely that theconcerted pathway operates.

(C¢HsCO)BF5 —  CgHs +BF3+CO  (6)
(CeHsCO)BF5 —  CgHsCO™ +BF;3 (7)
CeHsCO ™ —  CgHs +CO 8

3.1.2Fragmentation reactions of K(RBF;),; and Na(RBF;),” under CID
conditions.

Inadditiontothe bareorganotrifluoroborate anions, M(RBF3),
clusters (where M=Na and K)were observed in the ESI-MS of all
potassiumorganotrifluoroboratesalts. Thesealkalimetal clusters
canundergo fragmentation via two competing pathways;formation of
RBF; (eq.4)or fluoride transfer (eq.5).In each of the spectra of
clustersshown in Figure 5the formation of RBF; was favoured over
fluoride transfer regardless of whether the Rgroupwas methyl or

phenyl.
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Figure 5: Mass spectra of mass-selected anions and their fragment ions
produced upon collision-induced dissociation: (a) Na(MeBF3), (m/z 187,
collision energy =15eV); (b) Na(PhBF3)," (m/z 313,col lision energy =15eV);
(c) K(MeBF3), (m/z 203, col lision energy =10eV); (d) K(PhBF3);” (m/z 329,

collision energy =10eV).

The natureof thealkalimetal influenceswhether fluoridetransfer
occurs (eq.5). Thus fluoride transfer isobserved in the CIDspectra of
Na (MeBF3),  and Na(PhBF3), (Figures 5(@)and (b)), with a greater
proportion of fluoridetransfer occurring inthe methyl complex than
the phenyl.Incontrast,fluoridetransfer was wholly absent inthe CID
spectra of K(MeBFs3),” and K(PhBF3), (Figures 5(c)and (d)). Thistrend of
fluoride transfer occurring upon CID of Na(RBF3), but not for K(RBF3),
was maintained acrossall of the studied systems (Table 3).
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Table 3:Summary of observed fragmentation pathways from CID
experiments on mass selected M(RBFs3), anions.

Relative %abundance of fluoride transfer and
formation of RBFs~
R Na (RBFs3), (10 eV) K(RBF3); (15eV)
FNa (RBF3) ~ RBF; FK(RBF3)~ RBF;

Me 37 52 0 100
Et 55 89 0 100
Bu 55 94 0 100
Hex 19 36 0 100
cyclopropyl 45 81 0 100
Ph 8 92 0 100
benzyl 0 85 0 100
allyl 14 100 0 100
vin 24 91 0 100
benzoyl 0 88 0 100

Although the fluoride anion affinities of the neutral salts M(RBF3) (M=
Na and K,R=Me and Ph)are unknown, using the known gas-phase heats
of formation of Na™ (603.1 kJ/mol), K" (507.8 kJ/mol), F (249 kJ/mol ), NaF (-
290.5 kJ/mol),and KF (-326.8 kJ/mol ), the higher fluoride anion affinity of
Na™® (1142.6 kJ/mol)iscalculated to be higher thanthat of K (1083.6
kJ/mol). Thus,the experimentally observed preference for fluoride
transfer fromRBF3; to Na(RBF3)is consistent with the higher fluoride
anion affinity of Na®. To confirmthat Na(RBFs)had a higher fluoride
anion affinity than K(RBFs)and to comparethereaction energetics
associated with the competition between release of RBF; (eq.4)and
fluoride transfer (eq.5),DFTcalculations were carried out for
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Na (RBF3),” and K(RBF3), (where R=Me and Ph)and theresultsare

summarized in Tabl e 4.

Table 4:Relative energies for fragmentation of alkalimetal clusters
(kJ/mol) (M06/def2-TZVP): (a) Na(MeBFz3),; ; (b) Na (PhBF3);; (c) K(MeBF3),; (d)

K(PhBF3),".
Relative Relative Energy
Cluster energy of energy of F | difference
formation of transfer between eq.
RBF; (eq. 4) (eqg.5) 4and5
Na (MeBFs), 181.7 192.1 10.4
Na (Ph BF3); 170.2 182.2 12.0
K(MeBF3),~ 175.1 216.3 41.2
K(PhBF3), 157.4 200.9 43.5

For the sodiummetal clusters Na(MeBF3), and Na(PhBF;3), it was found
that therelease of RBF; (R=Me, Ph)isthermodynamically favoured
over fluoridetransfer in both cases by 10.4and 12.0 kJmol respectively
(Table 4). Theseresultsareinagreement with the experimental spectra
which show RBF; asthe major product after CID of Na(MeBF;3),  and

Na (PhBFs3),” with only a small proportion of fluoridetransfer observed.

The sametrend is observed for K(MeBF;3),” and K(PhBF;3),, with RBF3”
release favoured over fluoridetransfer by 41.2and 43.5kJ/mol. These
trendsareconsistent with the experimental spectra where fluoride
transfer issolely observedinthe sodiumclusterswiththeenergy gap
between the between formation of RBFs"and fluoride transfer being

much larger inthe potassiumclustersthan their sodiumcounterparts.

4. Conclusions
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Negative ion electrospray ionization of potassium
organotrifluoroboratessalts producesabundant
organotrifluoroborate anions, RBFs;,together withthealkalimetal
cluster ions, K(RBF3), and Na(RBF;3),. The preferred fragmentation
pathway of RBF; ionsupon CIDdependsonthenatureofthe Rgroup,
with alkyl systems fragmenting via loss of HFto generate boron
stabilized anions (eq. 3), while systems which can release a stabil ised
anion, R™ (wher e electron affinity of the conjugate radical is > 0.56 eV) general ly
fragmenting via the loss of BF;(eq.1, Table 2). This preference is
confirmed by DFT calculationson the fragmentation pathway of MeBF3~
and PhBF; ions.

The loss of HFgenerates boron stabilized carbanions (eq.3)which are
isoelectronic with alkenes.Related losses fromother organoboron
anions have been noted to generate interesting boron-containing

speciesthat areisoelectronic with a range of neutral carbon

analoguessuch asalleneand ketene ¥

Incontrast tothe fragmentationreactionsof organomagnesate

2122 grganozincate® organoferrate® organoindates *and

26-30

anions
coinage metal organometallateanions® ™, reductive elimination, beta
hydridetransfer reactionsand bond homolysisreactionsthat release

radicalsarenot observed for organotrifluoroborate anions, RBF;.

The preferred fragmentation pathway for K(RBF3), and Na (RBF3),
involves formation of RBF3 (eq. 4). Whil e Na(RBF;3), also undergoes a
minor amount of fluoride aniontransfer (eq.5),thispathway does not
operate for K(RBFs3),,consistent with the known relative fluoride anion
affinities of Na*and K and with DFTcalculations of the energetics of
fragmentation of K(RBF3),"and Na(RBF3),; (where R=Me and Ph). These
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differencesinthe fluorideion transfer reactionscan berationalized
by Pearson’s HSABtheory,* where the hard base F prefersreacting
with the harder Na*acid.®
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