
O'Hair Richard (Orcid ID: 0000-0002-8044-0502) 
 
Page 1 of 17 
Ma nusc r ipt  RCM-18-0041: 

REVISED Ver s io n: 23 Ma r c h 2018 

 

 

Unimo l ec ul a r  Rea c t iv it y  o f  Or g a no t r if l uo r o bo r a t e  Anio ns , 

RBF3
–, a nd Their  Al ka l i Met a l  Cl us t er  Io ns , M(RBF3)2

– (M = Na , K; 

R = CH3, CH3CH2, CH3(CH2)3, CH3(CH2)5, c -C3H5, C6H5, C6H5CH2, 

CH2CHCH2, CH2CH, C6H5CO). 
 

Fio n a  L. B. Ba t h ie ,(a ) Ch r is  J. Bo w en ,(b) Cr a ig  A. Hu t t o n ,(a )  a n d  Ric h a r d  A. J. 

O’Ha ir (a )* 

 

 

(a ) Sc h o o l  o f  Ch emis t r y  a n d  Bio 21 In s t it u t e  o f  Mo l ec u l a r  Sc ien c e  a n d  
Bio t ec h n o l o g y , Th e Un iv er s it y  o f  Mel bo u r n e , Pa r k v il l e , Vic t o r ia  3010 
Au s t r a l ia  
(b) Sh ima d zu  Sc ien t if ic , Bio 21 In s t it u t e  o f  Mo l ec u l a r  Sc ien c e  a n d  
Bio t ec h n o l o g y , Th e Un iv er s it y  o f  Mel bo u r n e , Pa r k v il l e , Vic t o r ia  3010 
Au s t r a l ia  
 

 

*Co r r espo n d in g  a u t h o r : r o h a ir @u n imel b.ed u .a u  

Ph o n e: +613 8344 2452  Fa x : +613 9347 5180   

 

 
 
 
Key  w o r ds: Or g a n o t r if l u o r o bo r a t e  • El ec t r o spr a y  io n iza t io n  • Ta n d em 
ma ss  spec t r o met r y  • Co l l is io n -in d u c ed  d isso c ia t io n  • DFT c a l c u l a t io n s  
  

This article is protected by copyright. All rights reserved.

This is the author manuscript accepted for publication and has undergone full peer review but
has not been through the copyediting, typesetting, pagination and proofreading process, which
may lead to differences between this version and the Version of Record. Please cite this article
as doi: 10.1002/rcm.8134

http://dx.doi.org/10.1002/rcm.8134
http://dx.doi.org/10.1002/rcm.8134
http://crossmark.crossref.org/dialog/?doi=10.1002%2Frcm.8134&domain=pdf&date_stamp=2018-05-27


  Page 2 of 22 

Abst r a c t : 

Ra t io na l e    

Po t a ss iu m o r g a n o t r if l u o r o bo r a t es  RBF3K a r e  impo r t a n t  r ea g en t s  u sed  

in  o r g a n ic  sy n t h es is . Al t h o u g h  ma ss  spec t r o met r y  is  c o mmo n l y  u sed  t o  

c o n f ir m t h eir  mo l ec u l a r  f o r mu l a e , t h e  g a s-ph a se  f r a g men t a t io n  

r ea c t io n s  o f  o r g a n o t r if l u o r o bo r a t es  a n d  t h e ir  a l k a l i met a l  c l u s t er  

io n s  h a v e  n o t  been  pr ev io u s l y  r epo r t ed . 

Met ho ds    

Neg a t iv e-io n  mo d e e l ec t r o spr a y  io n iza t io n  (ESI) t o g et h er  w it h  c o l l is io n -

in d u c ed  d isso c ia t io n  (CID) u s in g  a  t r ipl e  q u a d r u po l e  ma ss  spec t r o met er  

w er e  u sed  t o  ex a min e t h e  f r a g men t a t io n  pa t h w a y s  f o r  RBF3
– (w h er e  R = 

CH3, CH3CH2, CH3(CH2)3, CH3(CH2)5, c -C3H5, C6H5, C6H5CH2, CH2CHCH2, CH2CH, 

C6H5CO) a n d  M(RBF3)2
– (M = Na , K), w h il e  d en s it y  f u n c t io n a l  t h eo r y  (DFT) 

c a l c u l a t io n s  a t  t h e  M06/d ef 2-TZVP l ev el  o f  t h eo r y  w er e  u sed  t o  ex a min e 

t h e  s t r u c t u r es  a n d  en er g ies  a sso c ia t ed  w it h  f r a g men t a t io n  r ea c t io n s  

f o r  R = Me a n d  Ph .  

Resul t s    

Upo n  CID, pr ef er en t ia l l y  e l imin a t io n  o f  HF o c c u r s  f o r  RBF3
– io n s  f o r  

sy s t ems  w h er e  R = a n  a l k y l  a n io n , w h er ea s  R– f o r ma t io n  is  f a v o u r ed  

w h en  R = a  s t a bil ised  a n io n . At  h ig h er  c o l l is io n  en er g ies  l o ss  o f  F– a n d  

a d d it io n a l  HF l o sses  a r e  so met imes  o bser v ed . Upo n  CID o f  M(RBF3)2
– 

f o r ma t io n  o f  RBF3
– is  t h e  pr ef er r ed  pa t h w a y  w it h  so me f l u o r id e  

t r a n sf er  o bser v ed  o n l y  w h en  M = Na . Th e DFT c a l c u l a t ed  r e l a t iv e  

t h er mo c h emis t r y  f o r  c o mpet in g  f r a g men t a t io n  pa t h w a y s  is  c o n s is t en t  

w it h  t h e  ex per imen t s . 

Co nc l us io ns    

Th e ma in  f r a g men t a t io n  pa t h w a y s  o f  RBF3
– a r e  HF e l imin a t io n  a n d /o r  R– 

l o ss . Th is  c o n t r a s t s  w it h  t h e  f r a g men t a t io n  r ea c t io n s  o f  o t h er  

o r g a n o met a l l a t e  a n io n s , w h er e  r ed u c t iv e  e l imin a t io n , be t a  h y d r id e  

t r a n sf er  a n d  bo n d  h o mo l y s is  a r e  o f t en  o bser v ed . Th e pr esen c e  o f  
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f l u o r id e  t r a n sf er  u po n  CID o f  Na (RBF3)2
– bu t  n o t  K(RBF3)2

– is  in  a g r eemen t  

w it h  t h e  k n o w n  f l u o r id e  a f f in it ies  o f  Na + a n d  K+ a n d  c a n  be  r a t io n a l ized  

by  Pea r so n ’s  HSAB t h eo r y . 

 
Running  Hea d: Un imo l ec u l a r  Rea c t iv it y  o f  Or g a n o t r if l u o r o bo r a t e  
An io n s  
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1. Int r o duc t io n: 

Or g a n o bo r o n  c o mpo u n d s  a r e  impo r t a n t  su bs t r a t es  u sed  in  o r g a n ic  

sy n t h es is .1,2 Amo n g s t  t h e  v a r io u s  c l a sses  o f  t h ese  r ea g en t s , po t a ss iu m 

o r g a n o t r if l u o r o bo r a t es  RBF3K a r e  a t t r a c t iv e  s in c e  t h ey : a r e  a ir  s t a bl e  

so l id s ; c a n  r ea d il y  be  pr epa r ed  f r o m a n y  bo r o n ic  a c id  d er iv a t iv e  in  h ig h  

y ie l d  f o r  a  w id e  r a n g e o f  o r g a n ic  g r o u ps  (R = a l k y l , a r y l , a l k en y l , 

a l k y n y l  e t c .); u n d er g o  a  n u mber  o f  u sef u l  r ea c t io n s  in c l u d in g  in  s it u  

f o r ma t io n  o f  RBF2 v ia  f l u o r id e  a bs t r a c t io n  by  Lew is  a c id s  a n d  

t r a n smet a l l a t io n  r ea c t io n s .3-5 Al t h o u g h  e l ec t r o spr a y  io n iza t io n  o f  

t h ese  RBF3K sa l t s  h a s  been  n o t ed  t o  r ea d il y  g en er a t e  

o r g a n o t r if l u o r o bo r a t e  a n io n s  f o r  HRMS s t u d ies ,6 t h e  g a s-ph a se  

f r a g men t a t io n  r ea c t io n s  o f  RBF3
– h a v e n o t  y e t  been  r epo r t ed . Her e  w e 

ex a min e t h e  CID r ea c t io n s  o f  a  r a n g e o f  o r g a n o t r if l u o r o bo r a t es  t h a t  

a r e  r epr esen t a t iv e  o f  v a r io u s  o r g a n ic  g r o u ps , R, t o  es t a bl ish  t h e  

c o mpet it io n  bet w een  l o ss  o f  t h e  o r g a n ic  a n io n  (eq . 1), l o ss  o f  f l u o r id e  

(eq . 2), a n d  l o ss  o f  HF (eq . 3). Wh er e  r e l ev a n t , w e ma k e c o mpa r iso n s  t o  t h e  

f r a g men t a t io n  o f  o t h er  c l a sses  o f  o r g a n o bo r a t es  a n d  

o r g a n o met a l l a t es . In  a d d it io n , w e ex a min e t h e  f r a g men t a t io n  r ea c t io n s  

o f  a l k a l i met a l  c l u s t er  io n s , M(RBF3)2
– t o  pr o be  t h e  c o mpet it io n  bet w een  

f o r ma t io n  o f  RBF3
– (eq . 4) a n d  f l u o r id e  t r a n sf er  (eq . 5). 
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Sc heme 1: Po t en t ia l  c o mpet in g  f r a g men t a t io n  pa t h w a y s  f o r  

o r g a n o t r if l u o r o bo r a t e  a n io n s , RBF3
–,  a n d  t h e ir  a l k a l i met a l  c l u s t er  

io n s , M(RBF3)2
–  t o g et h er  w it h  t h e  sy s t ems  s t u d ied  h er e .  

 

 

2. Ex per iment a l  a nd Theo r et ic a l  Met ho ds . 

2.1 Ma t er ia l s : Th e f o l l o w in g  po t a ss iu m o r g a n o t r if l u o r o bo r a t es  sa l t s , 

RBF3K, w er e  so u r c ed  f r o m Sig ma  Al d r ic h  a n d  u sed  w it h o u t  f u r t h er  

pu r if ic a t io n , w h er e  R= : CH3, po t a ss iu m met h y l t r if l u o r o bo r a t e , MeBF3K; 

CH3CH2, po t a ss iu m et h y l t r if l u o r o bo r a t e , Et BF3K (95%); c -C3H5, po t a ss iu m 

c y c l o pr o py l t r if l u o r o bo r a t e , c y c l o pr o py l BF3K (90-95%); C6H5CH2, 

po t a ss iu m ben zy l t r if l u o r o bo r a t e , ben zy l BF3K (95%); CH2CHCH2, 

po t a ss iu m a l l y l t r if l u o r o bo r a t e , a l l y l BF3K (95%); C6H5CO, po t a ss iu m 

ben zo y l t r if l u o r o bo r a t e , ben zo y l BF3K. Th e r ema in in g  sa l t s , RBF3K, w er e  

a v a il a bl e  f r o m a  pr ev io u s  s t u d y  w h er e  R= : CH3(CH2)3, po t a ss iu m 

bu t y l t r if l u o r o bo r a t e , Bu BF3K; CH3(CH2)5, po t a ss iu m 

h ex y l t r if l u o r o bo r a t e , Hex BF3K; C6H5, po t a ss iu m ph en y l t r if l u o r o bo r a t e , 

Ph BF3K; CH2CH, po t a ss iu m v in y l t r if l u o r o bo r a t e , v in BF3K.7   

 

2.2 Ma ss  spec t r o met r y : 

El ec t r o spr a y  io n iza t io n  ma ss  spec t r o met r y  a n d  t a n d em ma ss  

spec t r o met r y  ex per imen t s  (MS/MS a n a l y s is ) w a s  per f o r med  u s in g  a  

Nex er a  X2 UHPLC Sy s t em (Sh ima d zu  Co r po r a t io n , Ky o t o , Ja pa n ) 

in t er f a c ed  w it h  a  LCMS-8060 (Sh ima d zu  Co r po r a t io n , Ky o t o , Ja pa n ) t r ipl e  

q u a d r u po l e  ma ss  spec t r o met er . Th e UHPLC sy s t em w a s  o per a t ed  in  t h e  

iso c r a t ic , f l o w  in jec t io n  mo d e, d e l iv er in g  250 µL/min  o f  a c e t o n it r il e  w it h  

5 µL in jec t io n s  o f  ea c h  po t a ss iu m o r g a n o t r if l u o r o bo r a t e  sa mpl e . Th e 

d u a l  io n  so u r c e  (DUIS) in t er f a c e  w a s  se t  f o r  e l ec t r o spr a y  io n iza t io n , 

o per a t in g  in  t h e  n eg a t iv e  mo d e w it h  t h e  in t er f a c e  pa r a met er s  o pt imized  

t o  t h e  f o l l o w in g  c o n d it io n s : n ebu l izer  g a s  f l o w : 2 L/min ; h ea t in g  g a s  
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f l o w : 10 L/min ; in t er f a c e  t emper a t u r e : 300 o C; d eso l v a t io n  l in e  

t emper a t u r e : 250 o C; h ea t  bl o c k  t emper a t u r e : 400 o C a n d  in t er f a c e  

v o l t a g e: 3 k V. Th e ma ss  spec t r o met er  w a s  o per a t ed  in  n eg a t iv e  io n  Q3 

sc a n  mo d e (t o  g en er a t e  ESI-MS) a n d  pr o d u c t  io n  mo d e (t o  g en er a t e  ESI-

MS/MS). Th e Q3 sc a n  r a n g e w a s  10-500 m/z  a n d  a n  a c q u is it io n  t ime o f  0.6 

min  w a s  u sed . Fo r  t h e  MS/MS ex per imen t s , t h e  pr ec u r so r  io n  w a s  ma ss  

se l ec t ed  w it h  a  w id t h  o f  0.7 a mu , a n d  w a s  a l l o w ed  t o  u n d er g o  c o l l is io n s  

w it h  t h e  a r g o n  c o l l is io n  g a s . Th e ba c k in g  pr essu r e  o f  t h e  a r g o n  l in e  

w a s  230 k Pa , a n d  t h e   pr essu r e  in s id e  t h e  c o l l is io n  c e l l  w a s  mo d el l ed  t o  

be  0.79213 Pa . In  t h ese  CID ex per imen t s , t h e  c en t r e  o f  l a bo r a t o r y  

c o l l is io n  en er g ies  w er e  v a r ied  by  s t a r t in g  a t  10 eV a n d  in c r ea s in g  in  5 

eV in c r emen t s  t o  40 eV. In  t a bl es  1 a n d  2 t h e  c en t r e  o f  l a bo r a t o r y  

c o l l is io n  en er g ies  a r e  c o n v er t ed  t o  c en t r e  o f  ma ss  c o l l is io n  en er g ies .8 

 

2.3 Theo r et ic a l  Ca l c ul a t io ns:  

Al l  t h eo r e t ic a l  c a l c u l a t io n s  w er e  per f o r med  w it h in  t h e  Ga u ss ia n  09 

pr o g r a m 9 u s in g  t h e M06 f u n c t io n a l  10 w it h  a l l  c a l c u l a t io n s  c o mpl et ed  

in  t h e  g a s  ph a se . To  a ssess  w h et h er  t h e  l o sses  o f  Ph – a n d  F– f r o m Ph BF3
– 

w er e  ba r r ier l ess , po t en t ia l  en er g y  sc a n s  w e c a r r ied  o u t  by  s t r e t c h in g  

t h e  B-C a n d  B-F bo n d s  o u t  t o  a  d is t a n c e  o f  4.5 An g s t r o ms u s in g  t h e  6-

31+G(d ) ba s is  se t . Geo met r y  o pt imiza t io n s , f r eq u en c y  c a l c u l a t io n s  a n d  

t r a n s it io n  s t a t e  c a l c u l a t io n s  w er e  per f o r med  u s in g  t h e  l a r g e  d ef 2-TZVP 

ba s is  se t .11 Th e c o mpl et e  mo d el  is  r ef er r ed  t o  a s  M06/d ef 2-TZVP.  

 

3. Resul t s  a nd disc uss io n 

 

3.1 Ma ss  spec t r o met r y   

Al l  po t a ss iu m o r g a n o t r if l u o r o bo r a t e  sa l t s  g a v e  a bu n d a n t  

o r g a n o t r if l u o r o bo r a t e  a n io n s , RBF3
–, u po n  e l ec t r o spr a y  io n iza t io n  in  

t h e  n eg a t iv e  io n  mo d e (d a t a  n o t  sh o w n ).  In  a d d it io n , t h e  a l k a l i met a l  
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c l u s t er  io n s , K(RBF3)2
– a n d  Na (RBF3)2

–  w er e  o bser v ed  in  a l l  c a ses . Th e 

f o r mer  is  ex pec t ed  f r o m a  po t a ss iu m sa l t , w h il e  t h e  l a t t e r  l ik e l y  a r ises  

f r o m a d v en t it io u s  ba c k g r o u n d  so d iu m c a t io n s . In  t h e  n ex t  sec t io n s , w e 

d esc r ibe  t h e  g a s-ph a se  f r a g men t a t io n  r ea c t io n s  o f  RBF3
–, K(RBF3)2

– a n d  

Na (RBF3)2
–  u n d er  CID c o n d it io n s  a n d  u se  DFT c a l c u l a t io n s  t o  sh ed  l ig h t  

in t o  t h e  en er g et ic s  o f  t h e  f r a g men t a t io n  r ea c t io n s  in  t h e  c a ses  o f  R = 

Me a n d  Ph . 

 

3.1.1 Fr a g ment a t io n r ea c t io ns  o f  RBF3
– under  CID c o ndit io ns  

3.1.1.1 R = a n a l ky l  a nio n, CH3, CH3CH2, CH3(CH2)3, CH3(CH2)5 a nd c -C3H5. 

 

At  l o w er  CID en er g ies , t h e  pa r en t  sy s t em MeBF3
– (m/z =83) f r a g men t s  v ia  a  

s in g l e  pa t h w a y  (Fig u r e  1(a )) in v o l v in g  t h e  l o ss  o f  HF w it h  c o n c o mit a n t  

f o r ma t io n  o f  t h e  bo r o n  s t a bil ized  c a r ba n io n  CH2BF2
– (m/z =63).12 Rel a t ed  

e l imin a t io n  r ea c t io n s  (eq . 3) h a v e  been  o bser v ed  in  t h e  f r a g men t a t io n  

r ea c t io n s  o f  Me 3BF–.13 At  h ig h er  c o l l is io n  en er g ies  f o r ma t io n  o f  F– 

(m/z =19) a n d  CHBF– (m/z =43) a r e  a l so  o bser v ed  (Fig u r e  S1) a n d  t h ese  a r e  

l ik e l y  t o  a r ise  f r o m sec o n d a r y  f r a g men t a t io n  r ea c t io n s  o f  CH2BF2
–. 

 

 
Fig ur e  1: Ma ss  spec t r a  o f  ma ss-se l ec t ed  o r g a n o t r if l u o r o bo r a t e  a n io n s  

a n d  t h e ir  f r a g men t  io n s  pr o d u c ed  u po n  c o l l is io n -in d u c ed  d isso c ia t io n : 
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(a ) MeBF3
– (m/z  83, c o l l is io n  en er g y  = 20 eV); (b) Bu BF3

– (m/z  125, c o l l is io n  

en er g y  = 15 eV).  

 

Th e  o bser v ed  r ea c t iv it y  o f  MeBF3
– is  c o n s is t en t  w it h  t h e  DFT c a l c u l a t ed  

po t en t ia l  en er g y  d ia g r a m (Fig u r e  2) f o r  t h r ee  po t en t ia l  r ea c t io n s  

in v o l v in g  h et er o l y t ic  c l ea v a g e o f  t h e  B-R o r  B-F bo n d s . Cl ea v a g e o f  t h e  

B-R bo n d  v ia  ba r r ier l ess  l o ss  o f  t h e  o r g a n ic  a n io n , CH3
– (eq . 1) is  t h e  

h ig h es t  en er g y  pr o c ess , r eq u ir in g  355.2 k J/mo l  a n d  is  n o t  o bser v ed  

ex per imen t a l l y . Th e o t h er  t w o  f r a g men t a t io n  pr o c esses  a r e  a sso c ia t ed  

w it h  c l ea v a g e o f  t h e  B-F bo n d  v ia  l o ss  o f  F- (eq .2) a n d  e l imin a t io n  o f  HF 

(eq . 3). Af t er  in it ia l  c l ea v a g e o f  t h e  B-F bo n d  t h e  f l u o r id e  a n io n  c a n  

e it h er  f u l l y  d epa r t  o r  c a n  mig r a t e  t o w a r d s  t h e  met h y l  g r o u p a n d  

a bs t r a c t  a  pr o t o n  r esu l t in g  in  t h e  f o r ma t io n  o f  HF a n d  CH2BF2
–. Th e 

ba r r ier  f o r  d epr o t o n a t io n  o f  CH3BF2 by  F– (200.8 k J/mo l ) l ies  be l o w  t h e  

f in a l  en er g y  (293.8 k J/mo l ) o f  t h e  sepa r a t ed  pr o d u c t s  o f  HF e l imin a t io n , 

w h ic h  in  t u r n  is  l o w er  t h a n  t h e  en er g y  f o r  F– l o ss , w h ic h  w a s  

c a l c u l a t ed  a t  320.9 k J/mo l . Ta k en  t o g et h er , t h ese  t h eo r e t ic a l  r esu l t s  

a r e  c o n s is t en t  w it h  t h e  f a c t  t h a t  HF e l imin a t io n  is  t h e  so l e  

f r a g men t a t io n  c h a n n el  o bser v ed  u n d er  l o w  en er g y  CID c o n d it io n s . 

Fin a l l y , g iv en  t h e  iso el ec t r o n ic  n a t u r e  o f  CH3BF3
– a n d  CH3CF3, it  is  n o t  

su r pr is in g  t h a t  t h e  l o ss  o f  HF u n d er  t h er ma l  a c t iv a t io n  c o n d it io n s  

o c c u r s  f o r  bo t h  spec ies  v ia  a  c is -1,2 e l imin a t io n  r ea c t io n  14,15 a n d  t h a t  

t h e ir  c a l c u l a t ed  mec h a n isms  a r e  s imil a r .16 
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Fig ur e  2: DFT c a l c u l a t ed  (M06/d ef 2-TZVP) po t en t ia l  en er g y  d ia g r a m f o r  

MeBF3
– f r a g men t a t io n  (k J/mo l ).  

 

R g r o u ps  w it h  l o n g er  a l k y l  c h a in s  u n d er g o  s imil a r  l o sses  (Fig u r es  S2-S5) 

a s  su mma r ized  in  Ta bl e  1 a n d  il l u s t r a t ed  f o r  Bu BF3
– (m/z =125), w h ic h  a t  

l o w er  CID en er g ies , a l so  f r a g men t s  v ia  t h e  l o ss  o f  HF (Fig u r e  1(b)) 

r esu l t in g  in  t h e  f o r ma t io n  o f  t h e  bo r o n  s t a bil ized  c a r ba n io n  C4H8BF2
– 

(m/z =105). Th e f o r ma t io n  o f  C4H7BF– (m/z=85) is  a l so  o bser v ed  a n d  is  t h e  

r esu l t  o f  a  sec o n d  l o ss  o f  HF. At  h ig h er  c o l l is io n  en er g ies  f o r ma t io n  o f  

F– (m/z =19) a n d  a  t h ir d  l o ss  o f  HF a r e  a l so  o bser v ed  (Fig u r e  S3). 

 

Ta bl e  1: Su mma r y  o f  o bser v ed  f r a g men t a t io n  pa t h w a y s  f r o m CID 

ex per imen t s  o n  ma ss  se l ec t ed  a l k y l t r if l u o r o bo r a t e  a n io n s . 
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 Obser v ed  f r a g men t  io n , c en t r e  o f  ma ss  c o l l is io n  

en er g y  w h er e  a n io n  f ir s t  a ppea r s  in  eV a n d  (r e l a t iv e  % 

a bu n d a n c e) 

RBF3
– (m/z ) R– F– (R - H)BF2

– (R - 2H)BF– 

MeBF3
– (83) (a ) 9.8 

(7) 
3.3 
(24) 

9.8 
(10) 

Et BF3
– (97) (a ) 8.8 

(14) 
2.9 
(31) 

(a ) 

Bu BF3
– (125) (a ) 8.5 

(5) 
2.4 
(77) 

2.4 
(6) 

Hex BF3
– (153) 8.3 

(5) 
8.3 
(7) 

2.1 
(45) 

2.1 
(7) 

Cy c l o pr o py l BF3
– 

(109) (b) 

(a ) 6.5 
(8) 

2.7 
(13) 

8.1 
(8) 

(a ) Ch a n n el  n o t  o bser v ed . 
(b) Th e pr o d u c t  io n  (CH2BF2

–, m/z =63) is  a l so  o bser v ed  a t  a  c en t r e  o f  
ma ss  c o l l is io n  en er g y  o f  6.7 eV w it h  a  r e l a t iv e  a bu n d a n c e  o f  30%. 

 

3.1.1.2 R = t he  s t a bil ised a nio ns , C6H5, C6H5CH2, CH2CHCH2, CH2CH a nd C6H5CO. 

 

At  l o w er  CID en er g ies , Ph BF3
– (m/z =145) f r a g men t s  v ia  a  s in g l e  pa t h w a y  

(Fig u r e  3(a )). Ho w ev er , in  c o n t r a s t  t o  t h e  a l k y l  a n io n s  t h is  

f r a g men t a t io n  o c c u r s  v ia  c l ea v a g e o f  t h e  R-B bo n d  t o  f o r m t h e  ph en y l  

a n io n  (m/z =77, eq . 1). At  h ig h er  c o l l is io n  en er g ies , t h e  f o r ma t io n  o f  F– 

(m/z =19) is  a l so  o bse r v ed  (Fig u r e  S9). Fo r  t h e  f r a g men t a t io n  o f  Ph BF3
– t w o  

po ss ibl e  pa t h w a y s  w er e  c o n s id er ed ; t h e  e l imin a t io n  o f  C6H5
– (eq . 1) a n d  

t h e  e l imin a t io n  o f  F– (eq . 2) (Fig u r e  3). The elimination of C6H5
– was determined to 

be barrierless based upon a potential energy scan in which the B-C bond of PhBF3
–  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 
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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).  

Th e  r e l a t iv e  en er g ies  o f  t h e  C6H5
– a n d  f l u o r id e  e l imin a t io n  pa t h w a y s  

w er e  309.2 a n d  345.1 k J/mo l  r espec t iv e l y  in d ic a t in g  t h a t  C6H5
– e l imin a t io n  

sh o u l d  be  t h e  f a v o u r ed  pa t h w a y . Th ese  c o mpu t a t io n a l  r esu l t s  (Fig u r e  4)  

a r e  in  a g r eemen t  w it h  t h e  ex per imen t a l  spec t r a  w h er e  t h e  o n l y  pr o d u c t  

o bser v ed  a t  l o w er  en er g ies  is  t h e  C6H5
– a n io n  (Fig u r e3(a )). 

 

 
Fig ur e  3: Ma ss  spec t r a  o f  ma ss-se l ec t ed  o r g a n o t r if l u o r o bo r a t e  a n io n s  

a n d  t h e ir  f r a g men t  io n s  pr o d u c ed  u po n  c o l l is io n -in d u c ed  d isso c ia t io n : 

(a ) Ph BF3
– (m/z  145, c o l l is io n  en er g y  = 15 eV); (b) ben zy l BF3

– (m/z  159, 

c o l l is io n  en er g y  = 20 eV).  
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Fig ur e 4: DFT c a l c u l a t ed  (M06/d ef 2-TZVP) po t en t ia l  en er g y  d ia g r a m f o r  

Ph BF3
– f r a g men t a t io n  (k J/mo l ). 

 

At  l o w er  CID en er g ies , ben zy l BF3
– (m/z =159) a l so  f r a g men t s  v ia  t h e  l o ss  

o f  R– pr o d u c in g  t h e  C7H7
– io n  (m/z =91) (Fig u r e  3(b)). In  a d d it io n  t o  t h is  

pa t h w a y  it  c a n  a l so  f r a g men t  v ia  t h e  l o ss  o f  HF t o  f o r m C7H6BF2
– 

(m/z =139), a  r ea c t io n  s imil a r  t o  t h a t  d isc u ssed  f o r  MeBF3
– a bo v e. At  

h ig h er  c o l l is io n  en er g ies  t h e  f o r ma t io n  o f  C7H5BF– (m/z =119) f r o m a  

sec o n d a r y  HF l o ss  is  a l so  o bser v ed  (Fig u r e  S10). 

 

In  c o n t r a s t  t o  t h e  o t h er  s t u d ied  s t a bil ised  a n io n s  t h e  

a l l y l t r if l u o r o bo r a t e  a n io n  (m/z =109) d o es  n o t  f r a g men t  (Fig u r e  S11) v ia  

t h e  l o ss  o f  R– (eq . 1) a n d  a t  l o w er  c o l l is io n  en er g ies  t h e  so l e  

f r a g men t a t io n  pa t h w a y  is  t h e  e l imin a t io n  o f  HF f o r min g  t h e  C3H4BF2
– io n  
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(m/z =89, eq . 3). At  h ig h er  c o l l is io n  en er g ies  r e l ea se  o f  F– (eq . 2) is  o bser v ed  

in  a d d it io n  t o  t h e  f o r ma t io n  o f  CH2BF2
– (m/z =63) a n d  C3H3

– (m/z =39). 

 

Th e v in y l t r if l u o r o bo r a t e  a n io n  (m/z =95) f r a g men t s  (Fig u r e  S12) 

pr ima r il y  v ia  t h e  l o ss  o f  R– (eq . 1). It  a l so  f r a g men t s  v ia  l o ss  o f  F– (eq . 2) 

a n d  e l imin a t io n  o f  HF (eq . 3). In it ia l  f r a g men t a t io n  o f  t h e  v in y l BF3
– 

(m/z =95) o c c u r s  a t  a  h ig h er  c o l l is io n  en er g y  t h a n  a n y  o f  t h e  o t h er  

s t u d ied  sy s t ems . Th u s , a n  ex a min a t io n  o f  Ta bl e  2 r ev ea l s  t h a t  in it ia l  

f r a g men t a t io n  o c c u r s  a t  a  c en t r e  o f  ma ss  c o l l is io n  en er g y  o f  1.9-2.7 eV 

f o r  a l l  sy s t ems  a pa r t  f r o m t h e  v in y l t r if l u o r o bo r a t e  a n io n  f o r  w h ic h  

io n s  d o  n o t  a ppea r  u n t il  a  c en t r e  o f  ma ss  c o l l is io n  en er g y  o f  5.9 eV. 

 

Ta bl e  2: Su mma r y  o f  o bser v ed  f r a g men t a t io n  pa t h w a y s  f r o m CID 

ex per imen t s  o n  ma ss  se l ec t ed  o r g a n o t r if l u o r o bo r a t e  a n io n s , RBF3
–, 

w h er e  R = a  s t a bil ised  a n io n . 

 Obser v ed  f r a g men t  io n , c en t r e  o f  ma ss  

c o l l is io n  en er g y  w h er e  a n io n  f ir s t  a ppea r s  in  

eV a n d  (r e l a t iv e  % a bu n d a n c e) 

RBF3
– (m/z ) EA (a ) R– F– (R - H)BF2

– (R - 2H)BF– 

Ph BF3
– (145) 1.096 2.2 

(78) 
7.6 
(9) 

(b) (b) 

ben zy l BF3
– (159) 0.912 2.0 

(88) 
(b) 2.0 

(22) 
6.0 
(10) 

a l l y l BF3
– (109) 0.481(c ) (b) 10.7 

(9) 
2.7 
(49) 

(b) 

v in y l BF3
– (95) 0.667 7.4 

(69) 
7.4 
(12) 

5.9 
(8) 

(b) 

ben zo y l BF3
– (173) 0.56 (d ) (b) (b) (b) (b) 

(a ) EA = e l ec t r o n  a f f in it y  in  eV, t a k en  f r o m r ef  19b. 
(b) Ch a n n el  n o t  o bser v ed . 
(c ) Th e pr o d u c t  io n  CH2BF2

– (m/z =63) is  a l so  o bser v ed  a t  a  c en t r e  o f  
ma ss  c o l l is io n  en er g y  o f  5.4 eV w it h  a  r e l a t iv e  a bu n d a n c e  o f  18%. 
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(d ) Th e pr o d u c t  io n  Ph – (m/z =77) a l so  o bser v ed  a t  a  c en t r e  o f  ma ss  
c o l l is io n  en er g y  o f  1.9 eV w it h  a  r e l a t iv e  a bu n d a n c e  o f  26%. 

 

At  a l l  s t u d ied  c o l l is io n  en er g ies , t h e  so l e  pr o d u c t  u po n  CID o f  

ben zo y l BF3
– is  t h e  Ph – (m/z =77) io n  f o r med  v ia  l o ss  o f  CO a n d  BF3 f r o m t h e  

pa r en t  ben zy l t r if l u o r o bo r a t e  a n io n  (m/z =173) (Fig u r e  S13). Th is  io n  mig h t  

be  f o r med  v ia  e it h er  o f  t w o  pa t h w a y s : c o n c er t ed  l o ss  o f  CO a n d  BF3 (eq . 

6); o r  in it ia l  l o ss  o f  BF3 t o  pr o d u c e  t h e  ben zo y l  io n  (m/z =105, eq . 7), w h ic h  

t h en  l o ses  CO t o  pr o d u c e  t h e  Ph – io n  (m/z =77, eq . 8). Sin c e  a c y l  a n io n s  a r e  

s t a bl e  spec ies  in  t h e  g a s-ph a se 17,18 a n d  t h e  ben zo y l  io n  is  n o t  o bser v ed  in  

o u r  ex per imen t s , it s  seems l ik e l y  t h a t  t h e  c o n c er t ed  pa t h w a y  o per a t es . 

 

(C6H5CO)BF3
–   →  C6H5

– + BF3 + CO (6) 

(C6H5CO)BF3
–   →  C6H5CO – + BF3 (7) 

C6H5CO –   →  C6H5
– + CO  (8) 

 

3.1.2 Fr a g ment a t io n r ea c t io ns  o f  K(RBF3)2
– a nd Na (RBF3)2

–  under  CID 

c o ndit io ns . 

 

In  a d d it io n  t o  t h e  ba r e  o r g a n o t r if l u o r o bo r a t e  a n io n s , M(RBF3)2
– 

c l u s t er s  (w h er e  M = Na  a n d  K) w er e  o bser v ed  in  t h e  ESI-MS o f  a l l  

po t a ss iu m o r g a n o t r if l u o r o bo r a t e  sa l t s . Th ese  a l k a l i met a l  c l u s t er s  

c a n  u n d er g o  f r a g men t a t io n  v ia  t w o  c o mpet in g  pa t h w a y s ; f o r ma t io n  o f  

RBF3
– (eq . 4) o r  f l u o r id e  t r a n sf er  (eq . 5). In  ea c h  o f  t h e  spec t r a  o f  

c l u s t er s  sh o w n  in  Fig u r e  5 t h e  f o r ma t io n  o f  RBF3
– w a s  f a v o u r ed  o v er  

f l u o r id e  t r a n sf er  r eg a r d l ess  o f  w h et h er  t h e  R g r o u p w a s  met h y l  o r  

ph en y l .  
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Fig ur e  5: Ma ss  spec t r a  o f  ma ss-se l ec t ed  a n io n s  a n d  t h e ir  f r a g men t  io n s  

pr o d u c ed  u po n  c o l l is io n -in d u c ed  d isso c ia t io n : (a ) Na (MeBF3)2
– (m/z  187, 

c o l l is io n  en er g y  = 15 eV); (b) Na (Ph BF3)2
– (m/z  313, c o l l is io n  en er g y  = 15 eV); 

(c ) K(MeBF3)2
– (m/z  203, c o l l is io n  en er g y  = 10 eV); (d ) K(Ph BF3)2

– (m/z  329, 

c o l l is io n  en er g y  = 10 eV).  

 

Th e  n a t u r e  o f  t h e  a l k a l i met a l  in f l u en c es  w h et h er  f l u o r id e  t r a n sf er  

o c c u r s  (eq . 5). Th u s  f l u o r id e  t r a n sf er  is  o bser v ed  in  t h e  CID spec t r a  o f  

Na (MeBF3)2
– a n d  Na (Ph BF3)2

– (Fig u r es  5(a ) a n d  (b)), w it h  a  g r ea t er  

pr o po r t io n  o f  f l u o r id e  t r a n sf er  o c c u r r in g  in  t h e  met h y l  c o mpl ex  t h a n  

t h e  ph en y l . In  c o n t r a s t , f l u o r id e  t r a n sf er  w a s  w h o l l y  a bsen t  in  t h e  CID 

spec t r a  o f  K(MeBF3)2
– a n d  K(Ph BF3)2

– (Fig u r es  5(c ) a n d  (d )). Th is  t r en d  o f  

f l u o r id e  t r a n sf er  o c c u r r in g  u po n  CID o f  Na (RBF3)2
– bu t  n o t  f o r  K(RBF3)2

– 

w a s  ma in t a in ed  a c r o ss  a l l  o f  t h e  s t u d ied  sy s t ems  (Ta bl e  3).  
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Ta bl e  3: Su mma r y  o f  o bser v ed  f r a g men t a t io n  pa t h w a y s  f r o m CID 

ex per imen t s  o n  ma ss  se l ec t ed  M(RBF3)2
– a n io n s . 

 Rel a t iv e  % a bu n d a n c e  o f  f l u o r id e  t r a n sf er  a n d  

f o r ma t io n  o f  RBF3
– 

R Na (RBF3)2
– (10 eV) K(RBF3)2

– (15 eV) 

 FNa (RBF3) – RBF3
– FK(RBF3) – RBF3

– 

Me 37 52 0 100 

Et  55 89 0 100 

Bu  55 94 0 100 

Hex  19 36 0 100 

c y c l o pr o py l  45 81 0 100 

Ph  8 92 0 100 

ben zy l  0 85 0 100 

a l l y l  14 100 0 100 

v in  24 91 0 100 

ben zo y l  0 88 0 100 

 

 

Al t h o u g h  t h e  f l u o r id e  a n io n  a f f in it ies  o f  t h e  n eu t r a l  sa l t s  M(RBF3) (M = 

Na  a n d  K, R = Me a n d  Ph ) a r e  u n k n o w n , u s in g  t h e  k n o w n  g a s-ph a se  h ea t s  

o f  f o r ma t io n  o f  Na + (603.1 k J/mo l ), K+ (507.8 k J/mo l ), F– (249 k J/mo l ), Na F (-

290.5 k J/mo l ), a n d  KF (-326.8 k J/mo l ),19 t h e  h ig h er  f l u o r id e  a n io n  a f f in it y  o f  

Na + (1142.6 k J/mo l ) is  c a l c u l a t ed  t o  be  h ig h er  t h a n  t h a t  o f  K+ (1083.6 

k J/mo l ). Th u s , t h e  ex per imen t a l l y  o bser v ed  pr ef er en c e  f o r  f l u o r id e  

t r a n sf er  f r o m RBF3
– t o  Na (RBF3) is  c o n s is t en t  w it h  t h e  h ig h er  f l u o r id e  

a n io n  a f f in it y  o f  Na +. To  c o n f ir m t h a t  Na (RBF3) h a d  a  h ig h er  f l u o r id e  

a n io n  a f f in it y  t h a n  K(RBF3) a n d  t o  c o mpa r e  t h e  r ea c t io n  en er g et ic s  

a sso c ia t ed  w it h  t h e  c o mpet it io n  bet w een  r e l ea se  o f  RBF3
– (eq . 4) a n d  

f l u o r id e  t r a n sf er  (eq . 5), DFT c a l c u l a t io n s  w er e  c a r r ied  o u t  f o r  
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Na (RBF3)2
– a n d  K(RBF3)2

– (w h er e  R = Me a n d  Ph ) a n d  t h e  r esu l t s  a r e  

su mma r ized  in  Ta bl e  4.  

 

Ta bl e  4: Rel a t iv e  en er g ies  f o r  f r a g men t a t io n  o f  a l k a l i met a l  c l u s t er s  

(k J/mo l ) (M06/d ef 2-TZVP): (a ) Na (MeBF3)2
– ; (b) Na (Ph BF3)2

–; (c ) K(MeBF3)2
–; (d ) 

K(Ph BF3)2
–.  

Cl u s t er  

Rel a t iv e  
en er g y  o f  

f o r ma t io n  o f  
RBF3

– (eq . 4) 

Rel a t iv e  
en er g y  o f  F– 

t r a n sf er  
(eq . 5) 

En er g y  
d if f er en c e  

bet w een  eq . 
4 a n d  5 

Na (MeBF3)2
– 181.7 192.1 10.4 

Na (Ph BF3)2
– 170.2 182.2 12.0 

K(MeBF3)2
– 175.1 216.3 41.2 

K(Ph BF3)2
– 157.4 200.9 43.5 

 

 

Fo r  t h e  so d iu m met a l  c l u s t er s  Na (MeBF3)2
– a n d  Na (Ph BF3)2

– it  w a s  f o u n d  

t h a t  t h e  r e l ea se  o f  RBF3
– (R=Me, Ph ) is  t h er mo d y n a mic a l l y  f a v o u r ed  

o v er  f l u o r id e  t r a n sf er  in  bo t h  c a ses  by  10.4 a n d  12.0 k J/mo l  r espec t iv e l y  

(Ta bl e  4). Th ese  r esu l t s  a r e  in  a g r eemen t  w it h  t h e  ex per imen t a l  spec t r a  

w h ic h  sh o w  RBF3
– a s  t h e  ma jo r  pr o d u c t  a f t er  CID o f  Na (MeBF3)2

– a n d  

Na (Ph BF3)2
–  w it h  o n l y  a  sma l l  pr o po r t io n  o f  f l u o r id e  t r a n sf er  o bser v ed . 

 

Th e sa me t r en d  is  o bser v ed  f o r  K(MeBF3)2
– a n d  K(Ph BF3)2

–, w it h  RBF3
– 

r e l ea se  f a v o u r ed  o v er  f l u o r id e  t r a n sf er  by  41.2 a n d  43.5k J/mo l . Th ese  

t r en d s  a r e  c o n s is t en t  w it h  t h e  ex per imen t a l  spec t r a  w h er e  f l u o r id e  

t r a n sf er  is  so l e l y  o bser v ed  in  t h e  so d iu m c l u s t er s  w it h  t h e  en er g y  g a p 

bet w een  t h e  bet w een  f o r ma t io n  o f  RBF3
– a n d  f l u o r id e  t r a n sf er  be in g  

mu c h  l a r g er  in  t h e  po t a ss iu m c l u s t er s  t h a n  t h e ir  so d iu m c o u n t er pa r t s .  

 

 

4. Co nc l us io ns  
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Neg a t iv e  io n  e l ec t r o spr a y  io n iza t io n  o f  po t a ss iu m 

o r g a n o t r if l u o r o bo r a t es  sa l t s  pr o d u c es  a bu n d a n t  

o r g a n o t r if l u o r o bo r a t e  a n io n s , RBF3
–, t o g et h er  w it h  t h e  a l k a l i met a l  

c l u s t er  io n s , K(RBF3)2
– a n d  Na (RBF3)2

–. Th e pr ef er r ed  f r a g men t a t io n  

pa t h w a y  o f  RBF3
– io n s  u po n  CID d epen d s  o n  t h e  n a t u r e  o f  t h e  R g r o u p, 

w it h  a l k y l  sy s t ems  f r a g men t in g  v ia  l o ss  o f  HF t o  g en er a t e  bo r o n  

s t a bil ized  a n io n s  (eq . 3), w h il e  sy s t ems  w h ic h  c a n  r e l ea se  a  s t a bil ised  

a n io n , R– (w h er e  electron affinity of the conjugate radical is > 0.56 eV) g en er a l l y  

f r a g men t in g  v ia  t h e  l o ss  o f  BF3 (eq . 1, Ta bl e  2). Th is  pr ef er en c e  is  

c o n f ir med  by  DFT c a l c u l a t io n s  o n  t h e  f r a g men t a t io n  pa t h w a y  o f  MeBF3
– 

a n d  Ph BF3
– io n s .  

 

Th e  l o ss  o f  HF g en er a t es  bo r o n  s t a bil ized  c a r ba n io n s  (eq . 3) w h ic h  a r e  

iso el ec t r o n ic  w it h  a l k en es . Rel a t ed  l o sses  f r o m o t h er  o r g a n o bo r o n  

a n io n s  h a v e  been  n o t ed  t o  g en er a t e  in t er es t in g  bo r o n -c o n t a in in g  

spec ies  t h a t  a r e  iso el ec t r o n ic  w it h  a  r a n g e o f  n eu t r a l  c a r bo n  

a n a l o g u es  su c h  a s  a l l en e  a n d  k et en e .13,20  

 

In  c o n t r a s t  t o  t h e  f r a g men t a t io n  r ea c t io n s  o f  o r g a n o ma g n esa t e  

a n io n s 21,22, o r g a n o zin c a t e 23, o r g a n o f er r a t e 24, o r g a n o in d a t es  25 a n d  

c o in a g e  met a l  o r g a n o met a l l a t e  a n io n s 26-30, r ed u c t iv e  e l imin a t io n , be t a  

h y d r id e  t r a n sf er  r ea c t io n s  a n d  bo n d  h o mo l y s is  r ea c t io n s  t h a t  r e l ea se  

r a d ic a l s  a r e  n o t  o bser v ed  f o r  o r g a n o t r if l u o r o bo r a t e  a n io n s , RBF3
–. 

 

Th e pr ef er r ed  f r a g men t a t io n  pa t h w a y  f o r  K(RBF3)2
– a n d  Na (RBF3)2

– 

in v o l v es  f o r ma t io n  o f  RBF3
– (eq . 4). Wh il e  Na (RBF3)2

– a l so  u n d er g o es  a  

min o r  a mo u n t  o f  f l u o r id e  a n io n  t r a n sf er  (eq . 5), t h is  pa t h w a y  d o es  n o t  

o per a t e  f o r  K(RBF3)2
–, c o n s is t en t  w it h  t h e  k n o w n  r e l a t iv e  f l u o r id e  a n io n  

a f f in it ies  o f  Na + a n d  K+ a n d  w it h  DFT c a l c u l a t io n s  o f  t h e  en er g et ic s  o f  

f r a g men t a t io n  o f  K(RBF3)2
– a n d  Na (RBF3)2

– (w h er e  R = Me a n d  Ph ). Th ese  
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d if f er en c es  in  t h e  f l u o r id e  io n  t r a n sf er  r ea c t io n s  c a n  be  r a t io n a l ized  

by  Pea r so n ’s  HSAB t h eo r y , 31 w h er e  t h e  h a r d  ba se  F– pr ef er s  r ea c t in g  

w it h  t h e  h a r d er  Na + a c id .32  
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