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inherent in the data but also because the results are somewhat 
sensitive to the ratio of hydroxo to aquo proton coupling 
constants, aB/aC.  If we assume a coupling of 1.1 G for the 
aquo protons (the value found for VO(H20)52+)21 then the 
hydroxo proton coupling which best fits the line width data 
is about 4.4 G, corresponding to an average coupling of 3.1 
G. 

The 2H NMR line widths provide an independent check on 
the conclusions drawn from the ‘H N M R  and ESR experi- 
ments. Equation 9a can be used to calculate the 2H normalized 
line widths, PT2pD, from 7, and TZCD, data entirely inde- 
pendent of the 2H NMR results. Values of 7, were obtained 
from the ‘H NMR data as described above; values of TzcD 
were computed from the ESR data and the assumption that 
AcD = 4.9 X lo5 Hz and are given in Table 11. PTZpD was 
computed for various assumed values of R ranging from 1 to 
20. The best overall fit was for R = 16, corresponding to 
AB/AC = 4.0, in remarkable agreement with the virtually 
identical conclusion reached from the ESR line width analysis. 
Furthermore, the normalized widths obtained for R = 16 are 
plotted as the dashed curve of Figure 3 and are seen to be in 
excellent agreement with the experimental values. The success 
in predicting the 2H normalized widths, while probably not 
absolutely conclusive, does give us considerably greater 
confidence in the procedures used to obtain the rate constants 
and in the conclusions reached regarding the ligand proton 
hyperfine coupling. 
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Formation of Lewis acid-base adducts R3BF- and R 2 F B F  in reactions of SFS- and SF6- with neutral boranes R3B (R = 
CH3, C2H5, i-C3H7, and F) is examined using trapped-ion cyclotron resonance techniques. Fluoride transfer reactions observed 
in binary mixtures of the various boranes (in the presence of traces of SF6 acting as the source of F) establish the Lewis 
acidity order BF3 > (i-C3H7)2FB > (i-C3H7)3B > (C~HS) ,FB > (C2H5)3B > (CH3)2FB > (CH3)3B > SF4 in the gas phase 
with F as reference base. Quantitative estimates of adduct bond dissociation energies D[R,B-F]  and heats of formation 
of adducts R 3 B F  are derived. Variations in Lewis acidity resulting from alkyl and fluoro substitution on boron are discussed 
in terms of properties characteristic of substituents and the anion reference base. 

Introduction the study of factors determining the strengths of acid-base 
The general concepts of electron-pair donor-acceptor 

chemistry, formalized in the Lewis definition of acids and 
bases,2 have contributed much to understanding relationships 
between molecular structure and chemical reactivity important 
in organic, inorganic, and organometallic chemistry. Inves- 
tigations of acid A and base B transfer processes (reactions 
1 and 2, respectively) can yield direct measurements of the 

AB, + B, + B l  + AB, DSI=DIBl-Al -D[B,-Al (1) 

A,B + A, + A l  + A,B AH=D[A,-B]-D[A,-B] (2) 

bond energies D[A-B] and provide a methodology suitable for 

interactions. 
Ion cyclotron resonance mass spectrometry (ICR) has 

proven to be a versatile tool for the study of acid-base 
 reaction^^-^ in the gas phase, in the absence of solvation effects, 
specifically reactions 1 and 2 where species A and/or B are 
charged. Recent investigations6-s of reactions 1, involving 
cationic Lewis acids (e.g., Li+,6 NO’,’ c-C5H5Nif8) and 
various neutral organic and inorganic bases, have yielded 
insight into the factors governing intrinsic n- and a-donor 
basicity. Transfer reactions such as eq 2 involving closed shell 
anionic bases (e.g., H-, F-, Br-) and cations R3Mf (where M 
= C, Si; R = H, alkyl, F) have been exploited for the de- 
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termination of carbonium and siliconium ion stabilities.'-" 
Recent studies of Lewis acidities of neutral acceptors toward 
anionic bases (reaction 2 )  include determinations of relative 
binding energies of F- and C1- to the hydrogen halides (HX, 
where X = F, C1, Br),I* to a variety of compounds possessing 
acidic hydrogen ( e g ,  water, several alcohols, and carboxylic 
acids),I3 and to a variety of inorganic Lewis acids, including 
BF3 and BCl3.I4 

Recent studies from this l a b ~ r a t o r y ' ~ ~  have demonstrated 
the ability to generate hydride and fluoride adducts [ e g ,  
(CH3)3BH- and (CH3)3BF] in the gas phase under conditions 
which make possible the examination of anion-transfer pro- 
cesses such as eq 2 ,  thus providing a suitable methodology for 
the investigation of substituent effects on the Lewis acidity 
of neutral alkylboranes. We wish to present the results of 
trapped-ion ICR studies of fluoride ion transfer reactions 
occurring in the trialkylboranes R3B (R = CH3, C2H5, i-C3H7) 
and BF3, both alone and in binary mixtures, in the presence 
of sulfur hexafluoride as the source of fluoride ion. Quan- 
titative information is obtained describing Lewis acidities of 
the two homologous series R3B and R2FB, expressed as 
fluoride affinities (adduct bond dissociation energies, defined 
by eq 3 ) ,  of the neutral acids. In addition, heats of formation 
A F - - t A  + F- AH=D[A-F-] (3) 

of the various boron-containing anions and neutrals are derived. 
Experimental Section 

The instrumentation and experimental techniques associated with 
I C R  spectrometry are  described in detail e1~ewhere. l~ AI1 studies 
reported here utilize a high-field ICR spectrometer, employing a 15 
in. magnet system, constructed in the Caltech instrument shops. Gas 
mixtures are  prepared directly in the ICR cell by admission of the 
appropriate sample components through separate variable-leak valves 
in a parallel inlet manifold. Absolute gas pressures are  determined 
using a Schulz-Phelps ionization gauge adjacent to the ICR cell, 
calibrated separately for each sample component against an MKS 
Baratron Model 90H 1-E capacitance manometer. A linear calibration 
of ionization gauge current vs. Baratron pressure (absolute) affords 
pressure determinations over a range of lo-' to Torr.  Overall 
accuracy in pressure measurements for these studies is estimated to 
be *20% and represents the major source of error in reported reaction 
rate  constants. Bimolecular rate constants a r e  determined with 
knowledge of neutral gas pressures from the limiting slopes of semilog 
plots of trapped-ion abundance vs. time and by considering product 
distributions where applicable. All experiments are performed at  
ambient temperatures (-22 "C) as determined using a thermistor 
located adjacent to the ICR cell. The electron beam energy utilized 
is 70 eV, and emission currents are  typically 

B(CH3)3 and B(C2H5)3 were obtained from Alfa Inorganics, and 
SF6 and BF3 from Matheson. B(i-C3H7)3 was provided through the 
gracious gift of Professor A. H. Cowley and CH3SiF3 through the 
courtesy of Professor J. G. Dillard. Noncondensable impurities were 
removed from all samples using multiple freeze-pump-thaw cycles 
a t  liquid-nitrogen temperatures. Mass spectral analysis of all samples 
utilized showed no detectable impurities. 

Data reported in figures and tables are normalized to monoisotopic 
abundances ("C, 98.89%; "B, 80.22%; 28Si, 92.21%; 32S, 95.0%). 
Typically, ion concentrations comprising less than 1% of the total are 
not included in the reported data.  

Results 
Reagent Ion Generation. In all studies reported here, SF6- 

(95%) and SF5- ( 5 % )  are generated from SF6 by rapid at- 
tachment of near-thermal energy electrons produced in the 
ICR trapping well by inelastic collisions during the 10-ms 
electron beam pulse.'2,'6-'8 SF6 is present only in trace 
concentration (- Torr) and the neutral itself does not 
participate in ion-molecule reactions observed. SF6- and SF5- 
serve primarily as sources of fluoride ion and act as reagents 
for the generation of acid-base adducts ( e g ,  R,BF-) via 
bimolecular pathways. Under the conditions employed in these 
studies, boron-containing anions are observed in appreciable 

to lo-' A. 
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Figure 1. Temporal variation of trapped-anion abundances initiated 
by a IO-ms 70-eV electron beam pulse in 4.8 X lo-' Torr (CH3)3B 
in the presence of traces of SF6. 
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Figure 2. Temporal variation of trapped-anion abundances initiated 
by a 10-ms 70-eV electron beam pulse in 1.0 X Torr (C2H5)3B 
in the presence of traces of SF6. 

concentrations only in the presence of SF6. 
Reactions of anions derived from SF6 with each of the 

trialkylboranes R3B (R = CH3, C2H5, i-C3H7) and with BF3 
are presented below. Fluoride transfer processes dominate the 
observed chemistry via the formation of R3BF- species. 
Reactions observed in binary mixtures of the various boranes 
are then examined in order to provide direct comparison of 
fluoride affinities for the two homologous series of Lewis acids, 
R3B and R2BF. 

SF6/(CH3)3B. Figure 1 illustrates the temporal variation 
of anion abundances observed following the electron beam 
pulse in 4.8 X Torr (CH3)3B in the presence of trace 
amounts of SF6. Double resonance experiments indicate that 
reactions 4-6 account for the observed changes in anion 

(4) 

(5 ) 
( 6 )  SF; + (CH,),B + (CH,),BF' + SF, 

concentration with time, in agreement with recent results.'4c 
Negative ion products of reactions 5 and 6 do not react further 
in this system. In particular, (CH3)2BF2- does not transfer 
fluoride to neutral (CHJ3B. 

72% SF,- + HF + (CH,),BCH, 

(CH,),BF; + SF, + CH, rz SF,. + (CH,),B - 
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Figure 3. Temporal variation of trapped-anion abundances initiated 
by a IO-ms 70-eV electron beam pulse in 7.1 X Torr (i-C3H7)3B 
in the presence of traces of SF6. 

SF6/(C2H5)3B. In 4.1 X Torr (C2H5)3B containing 
traces of SF6, the electron beam pulse initiates the temporal 
variation of ion concentrations shown in Figure 2. Reactions 
7-9, analogous with processes observed in trimethylborane, 

Oo5\- \ : 
I I I I I  

SF,- + (C,H,),B -+ (C,H,),BF- + SF, (9)  

lead to the eventual predominance of (C2H5)3BF- and 
(C2H&BF2- at long trapping times. The anion products of 
reactions 8 and 9 remain stable to further reaction with 
neutrals present. In particular, fluoride transfer from 
(C2H5)2BF2- to neutral triethylborane is not observed. 
Analogous with previously reported results for SF6/(CH3)3B 

cyclotron ejection of SF,- results in complete 
disappearance of (C2H5)3BF-, indicating that (C2HS)3BF is 
produced solely by reaction 9 and not via a bimolecular process 
involving SF6-. 

SF6/ (z'-C~H~)~B. The temporal variation of trapped-ion 
abundance observed following the electron beam pulse in 7.1 
X Torr (i-C3H7)3B in the presence of traces of SF6. is 
displayed in Figure 3. Anions generated from SF6 react with 
triisopropylborane by reactions 10-1 2, processes similar to 

'O% SF,- + HF + (X,H,),BC,H6 (10) 
SF,- + (CC3H713B - 30% C (CC,H,),BF,- + SF, + C,H, (11) 

SF,- + (i-C,H,),B --f (i-C,H,),BF- + SF, (12) 

those described above for trimethyl- and triethylborane. SF6- 
does not contribute to a measurable extent to the formation 
of trialkylborane monofluoride anion (i-C3H7)3BF- by direct 
fluoride transfer. The anionic products of processes 11 and 
12 do not react further under the present conditions. Spe- 
cifically, (i-C3H7)2BF2- is not observed to transfer F- to (i- 
C3H7)3B. 

Figure 4 shows the time evolution of ion 
abundances initiated by the electron beam pulse in 1.5 X 
Torr BF3 containing SF6. BF,, the only anion remaining at  
long reaction times, is generated by fluoride transfer processes 
13 and 14. In contrast to the observed formation of SF5- in 
SF,- + BF, -+ BF,- + SF, (13) 
SF,- + BF, .+ BF,- + SF, (14) 

trialkylborane reactions 4, 7, and 10, SF5- is not produced in 
reactions of SF6- with BF3. Negative ion mass spectrometry 

SF6/BF3. 
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Figure 5. Temporal variation of trapped-anion abundances initiated 
by a IO-ms 70-eV electron beam pulse in a 3:l mixture of (CH3)3B 
and (C2H5)3B a t  9.6 X Torr in the presence of traces of SF6. 

studies of BF3 have shown that negative ions containing boron 
are formed under certain  condition^.'^^ In the present ex- 
periments, BF, is generated in appreciable concentrations only 
in the presence of SF6. 

SF6/(CH3)3B/(C2H5)3B. The temporal variation of 
trapped-ion abundances following the electron beam pulse in 
a 3:l mixture of (CH3)3B and (C2H5)3B at 9.6 X Torr 
total pressure (in the presence of trace amounts of SF6) is 
displayed in Figure 5. Initially, reactions 4-9 proceed as 
described above for the individual components to generate the 
four boron-containing anions R3BF- and R2BF2- (R = CH3, 
C2H5). Double resonance experiments indicate that fluoride 
transfer reactions 15 and 16 are responsible for the disap- 
(CH,),BF- + (C,H,),B -+ (C,H,),BF- + (CH,),B (15) 

(CH,),BF,- t (C,H,),B -+ (C,H,),BF- + (CH,),BF (16) 

pearance of (CH3)3BF and (CH3)2BFF ions at  long times in 
Figure 5. The ethyl-substituted boron anions (C2HJ3BF and 
(C2H5)2BF2- are stable to further reaction in this mixture. 
SF6/(C2H5)3B/(i-C3H7)3B. Figure 6 illustrates the temporal 

variation of anion concentrations initiated by the electron beam 
pulse in a 2.2:l mixture of (C2H5)3B and (i-C3H7)3B at a 
pressure of 2.0 X Torr containing SF6 in trace concen- 
tration. Initially, (C2H&BF-, (C2H&BF2-, (i-C3H7)3BF-, 
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(reactions 5, 8, and 11). In each of the trialkylboranes ex- 
amined, R2FBF- species do not react with the respective 
neutrals R3B, indicating that for a given alkyl group R, re- 
placement of R by F results in the significant increase in 
fluoride affinity of the borane (Le., D[R2FB-F-] > D[R3B- 

Processes 23 are found to be solely responsible for generation 
of trialkylborane-monofluoride adducts R3BF-, involving 
fluoride transfer from SF< to the respective neutrals (reactions 
6, 9, and 12), as indicated by double resonance and cyclotron 
ejection experiments. No evidence is obtained for formation 
of R3BF- species (for R = alkyl) via bimolecular encounters 
with SF6-. 

In the SF6/BF3 system, BF; is produced by fluoride transfer 
from both SF6- and S F i ,  reactions 13 and 14, respectively, 
the latter reaction resembling process 23. We cannot ex- 
perimentally distinguish whether SF6- produces BF4- by direct 
F- transfer or by a more complex process resembling eq 22 
(where R = F). 

SF6/R3B, R’3B Mixtures. In addition to processes described 
above which are characteristic of the anion-molecule chemistry 
in mixtures of SF6 and each of the boranes separately, fluoride 
transfer reactions among the various neutrals, as generalized 
in eq 24 and 25, are observed in binary mixtures of the boranes 

F-I ). 

001- 200 400 600 
0 

T i m e  ( m s e c )  

Figure 6. Temporal variation of trapped-anion abundances initiated 
by a 10-ms 70-eV electron beam pulse in a 2.2:l mixture of (C2H&B 
and ( I - C ~ H , ) ~ B  a t  2.0 X Torr in the presence of traces of SF6. 

and (i-C3H7)2BF2- ions are produced by reactions 7-12 as 
described above. Subsequently, the ethyl-substituted boron 
anions disappear via fluoride transfer reactions 17 and 18. 

(C,H,),BF,‘ + (CC,H,),B + (i-C,H,),BF- + (C,H,),BF (18) 

(i-C3H7)3BF- and (i-C3H7)2BF2- do not react further under 
these conditions. 

SF6/BF3/(i-C3H7)3B. In an -1:l mixture of BF3 and 
(i-C3H7)3B at - 1 X 10” Torr pressure in the presence of trace 
SF6, reactions 10-14 lead initially to the formation of BF4-, 
(i-C3H7)3BF-, and (i-C3H7)>BF2- as described above. Al- 
though experimental difficulties in maintaining stable gas 
pressures in the mixture (apparently due to sample conden- 
sation on leak valve surfaces) inhibit detailed examinations 
of the reaction kinetics, it is clear that fluoride transfer re- 
actions 19 and 20 proceed rapidly to completion. BF4- remains 
(i-C,H,),BF- + BF, + BF,‘ + (CC,H,),B (19) 

(i-C,H,),BF,- + BF, -+ BF; + (K ,H, ) ,BF  (20) 

stable to further reaction in the mixture. 
Discussion 

SF6/R3B Alone. The negative ion chemistry observed in 
mixtures of SF6 with a given trialkylborane consists entirely 
of reactions involving SF6- and SF5- as generalized in eq 21-23 

(C2H5),BF- + (i-C,H,),B -, (i-C,H,),BF- + (C,H,),B (17 )  

HF + R,BR’ 

RF + R,B 
+ 1 or (21) 

SF,- t R,B - 
(22) 

SF,- + R,B -+ R , B F  + SF, (23) 

and terminates in formation of stable borane-fluoride Lewis 
adducts (where R = CH3, C2H5, and i-C3H7; R’ = R - H). 
A choice of neutral products accompanying SF5- formation 
in reaction 21 is hindered by lack of thermochemical data on 
boron-containing radicals. Processes similar to eq 21 have been 
observed previously in reactions of SF6- with hydrogen halides 
(HX where X = C1, Br, I)I2 and with a variety of molecules 
containing sufficiently reactive hydrogen (RH, e.g., HC02H, 
H2S, and (CH3)2SiFz).14Cs19 Interestingly, reactions analogous 
to eq 21 do not occur with H20 ,  CH30H,  C2H50H,  or with 
simple alkanes.” 

Processes 22 yield the dialkylfluoroborane-fluoride adducts 
R2FBF- resulting (formally) from transfer of F2- from SF6- 
accompanied by displacement of an alkyl radical from boron 

R,BI , -  + R + SF, 

R,BF- + R’,B -+ R’,BF- + R,B 

R,FBF- + R’,B + R’,BF- + R,FB 

(reactions 15-20). These results are summarized in Table I 
and indicate that the fluoride affinities of the neutral boranes 
increase with increasing size of the alkyl substituent R and 
with increasing substitution of F for R on boron. The various 
observations serve collectively to establish the fluoride affinity 
(or Lewis acidity) order BF3 > (i-C3H7)2FB > (i-C3H7)3B > 
(C2HJ2FB > (C2H5)3B > (CH3)2FB > (CH3)3B > SF4 for 
isolated species in the gas phase. 

Under the experimental conditions usually employed in ICR 
studies of ion-molecule reactions, ion energies are very near 
thermal. It is assumed that all reactions observed with ap- 
preciable rate constants (see Table I) are exothermic or 
thermoneutral. While the possible occurrence of reverse of 
reactions 25 could not be checked without the availability of 
neutral R2FB compounds, double resonance experiments are 
clearly consistent with reactions 16,18, and 20 being exothermic 
as written. In all cases, a negative dependence of ion-molecule 
reaction rate on reactant ion kinetic energy is observed. 

Thermochemical Considerations. Quantification of the 
observed relative order of fluoride affinities of the various 
borane Lewis acids is hindered by a lack of precise thermo- 
chemical data describing ions and neutrals containing boron. 
Consideration of the energetics of observed exothermic re- 
actions generalized in eq 21-23 yields limiting values for heats 
of formation of the boron-containing anionic Lewis adducts, 
R2BFc and R3BF.  Thermochemical data thus obtained are 
summarized in Table 11. 

Static bomb calorimetry measurements yield heats of 
formation of the trialkylboranes (CH3)3B, (C2HJ3B, and 
(i-C3H7)3B of -29.3 f 5.5, -36.5 f 1.2, and -60.1 f 3.0 
kcal/mol,20 respectively. Using the group additivity method 
of Benson,2‘ AH? values of -29.3, -36.0, and -56.3 kcal/mol, 
respectively, are calculated (with uncertainty estimates of f 3  
kcal/mol). These calculated values do not include corrections 
for neighboring group interactions, which would, if included, 
lead to small positive corrections to the values indicated above. 
In view of the difficulties typically encountered in making 
accurate calorimetric measurements of boron compounds, it 
seems likely that the experimental values are somewhat low. 
Both sets of AH? values are within the quoted uncertainties. 
In the absence of more precise experimental determinations, 
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Table I. Ion-Molecule Processes Observed 
Reaction NoGa Rate const,b k Thermochemical implications 

SF,/(CH,),B System 

72%,SFs- + HF + (CHABCH, 4 3.7 

5 1.4 
6 2.8 
C <0.01 

D[(CH,),B-F-] >D[SF,-F-] 
D[(CH,),FB-F-] > D[(CH,),B-F-] 

SF, /(C, H,),B System 
*SF<- + HF + (C,H,),BCHCH, 7 3.2 

8 1.1 
9 2.7 
C <0.01 

SF,/(i-C,H,),B System 
70%, SF,' + HF + (i-C,H,),BC(CH,), 10 2.5 

SF,- + (i-C,H,),B - 30% 
L ( i - d , H , ) , B F , -  + SF, 1 i-C,H, 11 1.2 

SF,- + (i-C,H,),B -+ (i-C,H,),BF- + SF4 
(i-C,H,),BF,- + (CC,H,),B -4- (i-C,H,),BF- + (i-C,H,),BF C <0.01 D[ (&C,H,),FB-F-] > D[(CC,H,),B-F-] 

SFJBF, System 

12 3.8 D [ (2'-C,H,) ,B-F 7 > D [ SF,-F-] 

13 11.8 D[BF,-F-] > D[SF,-F-] 
14 12.9 D[BF,-F-] > D[SF,-F-] 

SF,- + BF, -+ BF,- + SF, 
SF; + BF, -+ BF; + SF, 

SF,/(C,H,),B/(CC H ) B System 
(C,H,),BF- + (i-C,H,),B -+ (i-C,H,),BF- + (C,H,),B 1; 7 3  3.7 D[(i-C,H,),B-F-] > D[ (C,H,),B-F-l 

D[ (CC,H,),B-F-] > D[ (C,H,),FB-F-l (C,H,),BF,- + (i-C,H,),B -+ (GC,H,),BF- + (C,H,),BF 18 1.1 

SF,/(i-C,H,),B/BF, System 
(i-C,H,),BF- + BF, -+ BF; + (i-C3H7),B 19 d ' D[BF,-F-] > D[(i-C,H,),B-F-] 
(i-C,H,),BF,' + BF, -+ BF,- + (i-C,H,),BF 20 d D[BF,-F-] > D[(i-C,H,),FB-F-] 

a Reaction numbers refer to reactions specified in the text. Rate constants in units of lo-'' cm3 molecule-' s-', determined from 
limiting slopes of trapped-ion disappearance vs. time data for the respective systems, taking into account product distributions where 
applicable. Reaction not observed. Rate constants not determined. 

Table 11. Thermochemical Inferences from Observed Reactions" 

R (R,BIb ( R W L ) '  
U f 0  

(R,BF-)~  
AH; MfO 

- 29.3 4-184.7 <-144.3 
-36.0 4-18 3.1 <-151.0 

tC,H, -56.3 4-195.3 G-17 1.3 

CH, 
CZH, 

a All aHf" values in units of kcal/mol at  298 K. Values 
taken from Table 111; see text for discussion. Calculated by 
considering reactions 5, 8, and 11 as generalized in eq 22 to be 
exothermic. 
as generated in eq 23 to  be exothermic. 

Calculated by considering reactions 6, 9, and 12  

AHf0 values of the boranes (Table 11) obtained from the group 
methods are preferred and utilized in all calculations herein. 

Previously reported values of D[BF3-F-] = 7114" and D- 
[SF4-F-] = 54 f 12 kcal/mol'* serve to bracket the relative 
fluoride affinities of the various R3B and R2FB neutral Lewis 
acids within this 17-kcal range. Reactions 15, 17, and 19, 
involving direct fluoride transfer between (CH3)3B, (C2H&B, 
(i-C3H7)3, and BF3 (generalized in eq 24), all proceed rapidly 
toward completion. Double resonance experiments provide 
no evidence for the respective reverse reactions. As apparent 
in Figures 4 and 5 for (CH3)3B/(C2H5)3B and (C2H5)3B/ 
(i-C3H7)3B mixtures, reactions 15 and 17 do not appear to 
approach equilibrium. The equilibrium constant Kq, defined 
as in eq 26, is related to the free energy change for fluoride 

(26) 

transfer, AGO = -RT In KW The data in Figures 4 and 5 and 
neutral pressure ratios place limits on equilibrium constants 

Table 111. Thermochemical Quantities Used in Calculations" 

MfO U f O  

(CH,)$ -29.3 f 5 S b  CH, 34.0d 
(C2H5) PB -36.0 f 3.0b C,H, 25. 7d 
(i-C,H,),B -56.3 i: 3.0b i-C,H, 17.6d 

SF4 -183 f 6' BF, - 404. Of 
Mfo values 

for the trialkylboranes calculated using Benson's group additivity 
method 21 (see text for discussion). Reference 12. Ref- 
erence.29. e References 20 and 21. f Calculated using data 
quoted in this table and D[BF,-F'] = 7 1 kcal/mol, taken from ref 
14a. 

and free energy changes for reactions 15 and 17. Limiting 
values obtained are Ke,(15) I 25.8 and Ke,(17) I 58.8 and 
corresponding free energy changes accompanying fluoride 
transfer of AGO I -1.9 and AGO 5-2.4 kcal/mol, respectively. 
Trapped-ion ICR techniques are generally able to provide 
accurate determinations of similar ion transfer equilibria and 
associated free energy changes up to values of -3 kcal/mol. 
Larger free energy changes yield equilibrium constants (and 
forward and reverse rate constants) exceeding the dynamic 
range of the technique. 

The results of a recent study22 of pentacoordinate Lewis 
adducts of F with fluoromethylsilanes, where the trialkyl- 
boranes and BF3 were used as reference Lewis acids, provide 
further quantification of the Lewis acidities of the boranes 
examined in the present study. Using the same methodology, 
the fluoride transfer equilibrium (eq 27) is observed involving 
CH,SiF,- + (C,H,),B e (C,H,),BF- + CH,SiF, (27) 

SF ; -304.4 t 3.5' F- -61.3 * 0.1' 
SF ; -298 f 6' BF 3 -271.7e 

a All hHfD values in units of kcal/mol at  298 K. 
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Adducts of (CH3)3B, the only trialkylborane studied exten- 
sively, have been examined primarily as a means of investi- 
gating steric effects originating in the base. Very few studies 
have dealt with effects in the acid, that is by holding the base 
constant and varying substituents on the acid moiety. 

BH3 and BF3 are considerably stronger acids toward ni- 
trogen bases than is (CH3)3B. Adduct bond strengths, 
measured as gas-phase enthalpies of dissociation obtained from 
measurements of equilibrium dissociation pressures, typically 
span a narrow range of 14-20 kcal/mol for the acid (CH3)3B, 
while for BH3 and BF3 bond strengths toward these same bases 
range from 30 to 45 kcal/m01.~~ 

Inasmuch as the fluoride affinity ordering obtained in the 
present study is among the very few to explore substituent 
effects in the Lewis acid, comparison with the limited data 
available proves of interest. Using (CH3)3N as the common 
reference base, AH,,,, values for the gas-phase dissociation 
(CH3)3N.BR3 (CH3)3N + BR3 comprise the only extended 
comparison available. AHd,,, values (in kcal/mol) have been 
measured for BF3 (30.9), CH3BF2 (23.1), (CH3)2BF (18.3), 
(CH3)3B (17.6),24b (CH3)2BH (23.4), and BH3 (31.5).26 No 
data were obtained for CH3BH2, but the enthalpy change for 
dissociation of its adduct with (CH3)3N is estimated to be 
around 27.5 kcal/mol. 

Apparent from a comparison of adduct dissociation energies 
with both reference bases, replacement of alkyl substituents 
by fluorine on boron results in increased Lewis acidity of the 
neutral borane. This mainly reflects the higher electroneg- 
ativity of fluorine. The overall increases in acidity in going 
from (CH3)3B to BF3 are approximately the same (-16 
kcal/mol) for both reference bases, even though bond strengths 
toward F- are 30-40 kcal/mol larger than toward (CH3)3N. 

Previous studies have shown that the strengths of acid-base 
interactions can be strongly influenced by the nature of the 
reference  specie^.^' Two principal effects are likely responsible 
for the large differences in adduct strengths toward the two 
reference bases considered: differences in electrostatic in- 
teractions in the adducts and differences in the steric re- 
quirements of the reference bases. 

First, the presence of the negative charge in the fluoride 
adducts results in increased dissociation energies via favorable 
polarization effects, principally charge-induced dipole in- 
teractions involving alkyl substituents. Such effects are even 
more favorable in the larger, more polarizable ethyl and 
isopropyl substituents on boron. Polarization effects in the 
polar amine-borane neutral adducts, dipole-induced dipole 
interactions, are likely to be of much smaller magnitude. 

Second, the small size of F- as compared with the much 
bulkier (CH3)3N contributes to the marked preference of the 
borane Lewis acids for fluoride ion. The importance of steric 
repulsions in substituted amine-borane Lewis adducts has been 
extensively discussed by Brown and co-workers.28 Several 
effects are discernible, including B strain, back-side repulsions 
among substituents groups on the polyatomic base, and F 
strain, frontal interactions between substituent groups on both 
acid and base across the donor-acceptor bond. In addition, 
the energy required to rehybridize the polyatomic reference 
base upon formation of the new adduct bond acts to lower the 
acidity toward (CH3)3N. These effects are absent with 
monoatomic F- as the reference base, with the possible ex- 
ception of repulsions among the bulky alkyl groups on the acid 
moiety (analogous to B strain for the base) which might be 
expected to decrease adduct strengths, particularly for 
(C2H5)3B and (i-C3H7)3B. Apparently such repulsions in the 
acid are more than offset by the increased polarization sta- 
bilization of the larger alkyl groups. Similar alkyl substituent 
effects on boron are also operative with hydride ion as the 
reference base. Recent studies demonstrate, for example, that 

Table IV. Best Estimates of Thermochemical Dataa for 
Borane Lewis Acids 

Acid, A D[A-F-Ib AH~"(AF-) H f o ( A )  

(CH 3) 3B 5 8.5 -148.8 -29.3 
(CH 3)2FB 61.8 9-184.7' 9-61.9 
( CzH 5 )  43 62.0 -159.0 -36.0 
(C,HJ,FB 64.0 S-183.1' 4-58.1 
(i-C,H,),B 65.0 -182.3 -56.3 
(i-C,H7),FB 66.5 G-195.3' 9-67.5 
F 3B 71.0 -404.0 -271.1 

a All data  in units of kcal/mol a t  298 K. Fluoride affinities 
Calculated estimated as discussed in the text; see also ref 22. 

using limits given in Table 11. 

(C2HJ3B and CH3SiF3. The measured equilibrium constant 
Kes = 2.3 corresponds to a AGO of -0.5 f 0.1 kcal/mol fa- 
voring F- transfer to the right as written. 

A quantity more relevant to discussion of adduct bond 
energies is the enthalpy, which is related to free energy by eq 
28. The entropy change accompanying reaction 27 is esti- 

AGO = AH" - TAS" = -RT In K,, (28) 

mated to be ASo - 0,22 using the statistical mechanical 
formalism of Searles and Kebarle.23 Thus AH N -0.5 
kcal/mol is estimated for F- transfer from CH3SiF3 to 

In the same study,22 reaction 29 is observed only in the 
(CH,),BF- t CH,SiF, + CH,SiF; + (CH,),B (29) 

(CH,),FBF- + CH,SiF, CH,SiF,- t (CH,),FB (30) 

forward direction, while reaction 30 does not occur. Limits 
obtained for reaction 29 are Keq 1 50.8 and AGO I -2.3 
kcal/mol. Taken along with results from the present study, 
these observations suggest the fluoride affinity ordering 
(CH3)3B < CH3SiF3 < (CHJ2FB < (C2HS),B for F- ref- 
erence base, with CH3SiF3 and (C2H5)3B separated by -0.5 
kcal/mol. In addition, F- transfer reactions 3 1-34 proceed 

(i-C,H,),BF' + SiF, -+ SiF,- t (&C,H,),B (32) 

(i-C,H,),BF,- t SiF, + SiF; + (i-C3Hj)2BF (33) 

SiF5- t BF, --f BF; + SiF, (34) 

rapidly (with rate constants in the range of to cm3 
mol-' s-') toward completion.22 With the exception of reaction 
33, it should have been possible to detect the reverse reaction; 
none was observed. Limiting values of equilibrium constants 
obtained are Keq 1 34.9, 18.9, and 49.0 with corresponding 
free energy changes of AGO I -2.1, -1.7, and -2.3 kcal/mol 
for reactions 31, 32, and 34, respectively. 

Evaluation of the results of the present work along with the 
quoted silane-borane study, assuming a minimum of 3 
kcal/mol separation in cases where no reverse reactions were 
evidenced, affords a quantitative scale of fluoride affinities for 
both the boranes and silanes,22 fully consistent with all 
available data. Table IV summarizes values of borane-fluoride 
dissociation energies D[A-F-]. Values of D[R2FB-F-] are 
simply chosen intermediate between bracketing species,22 since 
the neutrals R2FB were not present. Included in Table IV are 
heats of formation, derived from the quantitative estimates 
of fluoride affinities. These data describe the anionic adducts 
R,BF- and R2BFB- and the neutrals R2FB, species for which 
no literature data are available for comparison. 

Lewis Acidities: Effects of Substituents and Reference Base. 
Lewis acid properties of boranes have long been the subject 
of extensive investigations; however, essentially all such studies 
have dealt with the formation of neutral adducts between a 
given trisubstituted borane R3B (R = H, alkyl, or halogen) 
and various n-donor bases (e.g., amines,  phosphine^).^^ 

(C2H5)3B. 

(CH,),Sir,- t (CH,),B -+ (CH,),BF- + (CH,),SiF, (31) 



Substituent Effects on Lewis Acidities of Boranes 

(C2H5)3B binds hydride more strongly than does (CH3)3B.31 
Quantitative information on borane Lewis acidities toward H- 
as a reference base may be useful to understand the highly 
selective reductions of functional groups effected by orga- 
noborane-hydride reagents in organic synthesis.32 
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