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Abstract: The gas-phase negative ion chemistry of a series of Lewis—&eide complexes [M8BH; (1),
MesNBH3 (2), MesPBH; (3), Me;SBF; (4), Me;OBFR;, EtsNBH3, and E3OBF;] was investigated with use of

the flowing afterglow triple-quadrupole technique. Ab initio MO calculations using the G2(MP2) and CBS-4
models were carried out fdr—4 and related species. The gas-phase reaction betweena@icomplexi
produces a stable carbanion, MeSHEREH,~ (1a), that does not isomerize under thermal conditions at room
temperature to either of the lower energy borate isomers MeBB§t (1b) and CHCH,SBH;™ (1¢). The
structure oflawas determined by tandem mass spectrometry and by ion/molecule reactions. The barriers for
rearrangement ofa to 1b and tolc were calculated to be 29.3, and 27.6 kcal/mol, respectively, at the G2-
(MP2) level. The stable carbanions pBH3)CH,~ (2a), Me;P(BH3)CH,~ (3a), and MeS(BE)CH,~ (4a)

were also generated by proton abstraction from the corresponding neutral complexes. The gas-phase acidities
(AHgcig) of 1—3 were determined from bracketing experiments to be 34250, 393.0+ 2.0, and 374.5¢

2.0 kcal/mol, respectively. Compared to their uncomplexed bases, the acidifie8@ire enhanced by 18

20 kcal/mol. The acidity enhancements were shown to be mainly due to the increased electron binding energies
of the carbanions in the deprotonated complexes that result from electrostatic interactions with the strongly
dipolar Lewis acia-base bonds. Enhanced reactivity of the Lewis atidse complexes was also characterized.

The complexed, 2, and MeOBF; undergo nucleophilic substitution at carbon with & NH,~, while no

such reactions occur for the uncomplexed basesSyi#e;N, and MeO. Similarly, facile 5-elimination
reactions occur betweerrfor OH™ and the ethylated complexesHBHz; and E§OBF;, while the uncomplexed

species are unreactive.

Introduction

It has been nearly two centuries since the first coordination
complex, HNBF3;, was made by Gay-Lussac in 180The
nature of the doneracceptor bonds in these complexes was
described by Lewis beginning in 1922nd this topic has since
been the subject of extensive experimental and theoretical
scrutiny® The important role of Lewis acidbase complexes
in chemical reactions has been recognized and exploited for
decades. Many different kinds of complexes have been

dienophilicity of an alkenyl moiety within the substrate.
Although there is a wealth of experimental information bearing
on how the interaction with a Lewis acid can modify the
reactivity and conformational properties of a molecule, little
guantitative information is available on the extent to which the
thermochemical properties of a compound are changed upon
complexation with a Lewis acid. Comparisons of the heterolytic
and homolytic bond strengths and the oxidatioeduction
potentials of groups within a Lewis acithase complex with

synthesized and used as reagents and as catalysts to accelera,tféoSe of the separate molecular components can provide valuable

organic, organometallic, and biochemical reactibmdodern
versions of such catalysts that incorporate chiral Lewis acids
constitute a powerful means for asymmetric inducfighkey
component of the general mechanism for Lewis acid catalysis
is the coordination of the substrate and the resulting activation
of its reactive site(sj.This activation may take the form of,
inter alia, enhanced electrophilicity of a carbonyl grdup,
increased Brgnsted acidity ai-CH bonds® or amplified
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Insights into the nature of Lewis acid activation. For example,
Lewis-acid-catalyzed aldol condensations have long been used
in organic synthetic proceduré%A key step in these reactions
involves the Lewis-acid-promoted enolization of the aldehyde
or ketone substrate with a tertiary amine b&sehich implies

an enhancement in the acidity of theéCH bonds in the carbonyl
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complex by about 10K, units. This phenomenon raises several Experimental Section

important questions: To what extent does Lewis acid complex- All experiments were carried out at room temperature with a flowing

ation |ncrea§e the intrinsic ac'd",[y of theCH bonds, ,and to afterglow triple-quadrupole instrument that is described elsewHiere.
what extent is the enhancement influenced by solvation? What ynjess otherwise noted, the total pressure and flow rate of the helium
is the nature of the acidity enhanceméti®re the kinetic and buffer gas used were 0.4 Torr and 190 STP¥smrespectively.
thermodynamic acidities correlated? Is the increase in acidity Hydroxide ions were formed by electron ionization of aONCH,
a simple function of the complexation energfy2Ve are mixture, while NH~ and F were produced by electron ionization of
developing quantitative models for Lewis acid activation that NHs and NF, respectively. Other negative ions were formed by
address these questions by using gas-phase ion chemistr)!’ea‘_?tion of one of the aboye _basgs with t.he corresponding_neut_ral
techniques to determine the changes in fundamental physicalconiugate acids. Product distributions for ion/molecule reactions in
properties such as acidity, basicity, electron affinity, and bond the flow tube were de_termm_ed either directly from the mass spectra
energy that accompany coordination of molecules by Lewis when secon_dary_reactlons did not occur or from th(_e slopes of plots of
. . . he product ion yields versus the extent of reactant ion conversion. For
acids. _In this paper, we pr_esent gas-phase exp_erlmgntal aNGon/molecule reaction studies, the detector resolution was kept as low
theoretical studies of a series of prototype Lewis adidse as practical so as to minimize mass discrimination.
complexes composed of peralkylated n-donor bases and the Collision-induced dissociation (CID) measurements and mass-
common Lewis acids Bfland BF. selected ion/molecule reactions were carried out in the gas-tight, radio-
In the course of our earlier investigations of the properties frequency-only quadrupole collision chamber (Q2) of the triple-
and reactivity of diborane and borohydride ions using the quadrupole mass analyzer. Argon target gas was used for the CID
flowing afterglow method3we explored the utility of borare experiments, with pressures ranging from 0.04 to 0.12 mTorr. The
dimethy! sulfide complex, Mg&SBH; (1), as a convenient source axial kinetic energy of the reactant ion is determined by the Q2 rod
of the diborane for gas-phase ion/molecule reactions. The °ffset voltage, which can be varied up to 200 V. For studies of
- - - . - exothermic ion/molecule reactions taking place in Q2, the offset voltage
commercially available solutions of borandimethyl sulfide

. . . . . . and ion extraction voltages were maintained as low as practidab(
(1-10 M in Me;S) contain sufficient diborane in their head V) to approximate thermal energy conditions. The methods used for

vapors at room temperature for practical use in flowing afterglow measurement and analysis of CID threshold energies have been
experiments. However, in using this material, we found that described in detail previouskBriefly, the cross section for dissociation
not only was the boraredimethyl sulfide complex itself  of the mass-selected reactant ion is measured as a function of the
sufficiently volatile and reactive to display ion/molecule reac- collision energy in the center-of-mass frame, with argon target
tions in the flow tube, but also it was much more acidic in the maintained in Q2 at pressures less than 0.05 mTorr. The product ion
Brgnsted sense than uncomplexed dimethyl sulfide. That is, @Ppearance curves are fit yvith an analytical model that takes iqto
an apparent proton-transfer productHgBS-, was observed account the ion bgam klngtlc energy spread, the Doppler broademng
in reactions of boranedimethyl sulfide complex with negative due to target motion, the internal energy content of the reactant ion

: - : . (assumed to be at a temperature of 298 K), and kinetic shifts due to
lons that are too weakly basic to deprotonate dimethyl sulfide. slow dissociation on the instrument time sc¥l€The vibrational

These observations I?d US, to investigate the gas-phase a(:'(j"[3frequencies required for the internal energy and kinetic shift calculations
of 1 and related Lewis acidbase complexes, as well as the \yere gbtained from ab initio molecular orbital calculations carried out

structures and reactivity of the ions produced by deprotondtion.  at the B3LYP/6-31G(d) level without scaling.

In this work, we demonstrate that removal of a methyl proton  Materials. Gas purities were as follows: He(99.995%), Ar-
from the BH; and BF; complexes of dimethyl sulfidel(and4, (99.955%), NO(99%), CH(99%), NH; (anhydrous, 99.5%), NF9%),
respectively) and the BHtomplexes of trimethylamine2) and C0(99.5%). Borane dimethyl sulfide (10 M in I®), trifluoroborane
trimethylphosphine 3) produces novel dipole-stabilized car- dimethyl sulfide, borane trimethylamine, borane triethylamine, trifluo-

banions, and that the gas-phase acidities of the borane Comp|exeg)borane dimethyl ether, trifluoroborane diethyl ether, and trifluorobo-
' rane tetrahydrofuran were obtained from Aldrich Chemical Co. and

H BH; BH{ BF;~ used as supplied. Bo_rane _trimethylpho_sphine was prgduced by mixing
T+ N N |+ pure trimethylphosphine wita 1 Msolution of borane in tetrahydro-
S HiC—N—CH;  H;C—P—CHs PN furan. Removal of the excess tetrahydrofuran by distillation yields the
HyC CHs (I:H3 - HyC CHs pure complex as a volatile crystalline solid. Borahe-dimethyl

sulfide, MeSBD;, was prepared by bubbling,B¢?° into Me;S. All

1 2 3 4 other reagents were obtained from commercial vendors and used as

. supplied except for degassing of liquid samples prior to use.

are enhanced relative to the uncomplexed molecules by as much  computational Details. The structures and energies of complexes
as 20 kcal/mol. We also show that the alkyl groupslind 1—4, their conjugate base anions, and a series of related anions and
and other borane complexes are strongly activated toward gas-eutral molecules were calculated with use of the G2(MR#)d CBS-
phase nucleophilic substitution and elimination reactions with 4 procedures. For G2(MP2) calculations, optimized geometries are
negative ions. The structures and thermochemical propertiesobtained at the MP2(full)/6-31G(d,p) level of theory, and harmonic
of 1, its conjugate base anion, and related species have also/ibrational frequencies for the zero-point energy and temperature
been examined in detail with ab initio molecular orbital Corrections are determined at the HF/6-31G(d) level and scaled by a

calculations carried out at the G2(MP2and CBS-4° levels (16) Ochterski, J. W.; Petersson, G. A.; Montgomery, JJAChem.

of theory. Phys 1996 104, 2598.
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1994 116, 8885. 130, 89.
(12) Anane, H.; Boutalib, A., Tof®g F.J. Phys. ChemA 1997 101, (18) (a) Sunderlin, L. S.; Wang, D.; Squires, R. R.Am. Chem. Soc.
7879. 1992 114, 2788. (b) Sunderlin, L. S.; Wang, D.; Squires, R. RAm.
(13) (a) Workman, D. B.; Squires, R. forg. Chem 1988 27, 1846. Chem. Soc1993 115 12060.
(b) Workman, D. B. Ph.D. Thesis, Purdue University, 1989. (19) Data analysis was carried out with the CRUNCH program developed
(14) Ren, J.; Workman, D. B.; Squires, R. Rngew. Chem., Int. Ed. by P. B. Armentrout and K. M. Ervin.
Engl. 1997, 36, 2230. (20) The synthetic procedure was adapted from Brown, H. C.; Midland,
(15) Curtiss, L. A.; Raghavachari, K.; Pople, J.JAChem. Phys1993 M. M. In Organic Synthesisia Boranes Wiley-Interscience: New York,

98, 1293. 1975; pp 18-21.
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factor of 0.893. Single-point energy calculations with each of the MP2- of C,HgBS™ by a stepwise mechanism in which uncomplexed
optimized geometries are carried out at higher levels of theory, and an Me,S is first deprotonated, followed by reaction of the resulting
additivity scheme given by Pople et’8lis used to derive estimated  grbanion with diborane.

total energies at the QCISD(T)/6-3+6(3df,2p) level. The CBS-4 We consider three plausible structures for th&l§BS~ ion
procedure utilizes optimized geometries and vibrational frequencies formed by reaction 2. Deprotonation of M8BHs (1) at carbon

obtained at the HF/3-21G(d) level of theory (frequency scale faetor . . . . g S
0.9167) and an extrapolation scheme based on higher-level calculations®@n 9Ive & carbanioba in which the S-B bond is maintained.

to estimate the total energy corresponding to the complete basis setAlternatively, rearrangement by a formal [1,2]-Blshift or a
limit.® All calculations were carried out with the GAUSSIAN®2  [1,2]-CHs shift produces isomerkb and1c, respectively. The
and GAUSSIAN 94 suites of programs.

BHj
Results | _ _
. , . _ st s._ _-BHs CH BH;
Borane—Dimethyl Sulfide and Trifluoroborane —Dimethy! e cHy e’ cHy e s
Sulfide. Borane-dimethyl sulfide complexX) forms reversibly
in solutions of diborane in neat dimethyl sulfide. These solu- 1a 1b Ic

tions are commercially available as convenient sources af BH

for organic synthesis. Stone and co-workers determined thelatter two isomers are predictably lower energy forms, since
enthalpy and entropy of dissociation bin the gas phase to be  the carbon lone pair in MeSGH is much more basic than the
6.1 + 0.5 kcal/mol and 18.0 eu, respectively, by variable- sulfur lone pairs, and C4#H,S™ is 40 kcal/mol more stable
temperature saturation-pressure tensim@&tryherefore, at 298  than CHSCH, .26 In fact, ab initio calculations carried out at
K, 1 is 53% dissociated to dimethyl sulfide and diborane (eq the G2(MP2) level of theory predict thab and1c are lower

1). Combining the measured enthalpy change for reaction 1in energy thanla by 28 and 44 kcal/mol, respectively. We
with an updated value for the 298 K dimerization enthalpy of have used a combination of CID and ion/molecule reactions to

borané* gives a value foDHzedMe,S—BHj3] of 25.9 kcal/mol. identify the structure of the reaction product &s. For
comparison, ions with authentic structuddsc were generated
Me,SBH, (g) — Me,S (g9)+ 1/232He (9) (2) by allowing deprotonated dimethyl sulfide (produced fromJNH

1 + Me,S) and ethanethiolate anion (produced fromHFEtSH)

o to react with diborane (egs 3 and 4).
Reaction in the room-temperature flow tube between OH

and the head vapors sampled from a 10 M solution of berane _ _
dimethyl sulfide in MeS produces a host of negative ion MeSCH,  + B,H; —~MeSCHBH; + BH; (3)
products derived from diborane and the volatile comptex, 1b

These include BiI™ and polyborohydride anions,By,~ (n = - . -
2—4; m = 5-10), the apparent proton abstraction product CH;CH,S™ + BHg— CH,CH,SBH, + BH;  (4)

C.,HgBS™ (eq 2), and its borane adductHzBS(BHs)~, probably 1lc
Me,SBH, + OH™ — C,HgBS + H,O (2) The CID spectra of the £1gBS™ ions produced by reactions
2—4 are shown in Figure 1, parts-a, respectively. The three
formed as a secondary product (vide infra). Brand poly- spectra are qualitatively distinct. Methyl loss is the dominant
borohydrides have been observed previously in gas-phasefragmentation of the ion produced by deprotonatiori ¢fmax
reactions of OH (and other negative ions) with pure dibor&he. = 5 A?), while it is only a minor channel for iofib (omax= 1

The proton-transfer product is of particular interest, since OH A?).  Similarly, formation of CHS™ represents the major
is too weakly basic to deprotonate dimethyl sulfide (the main dissociation forlb (omax = 4 A?) but is only a minor process
constituent of the head vapors) at a significant rate in the gasfor the conjugate base df Isomerlc displays only a single
phase at room temperaturdHaci(H20) = 390.7 kcal/mol; fragment ion, CHCH,S™, which results from BHloss. The
AHacidMesS) = 393.2 kcal/mol¥8 This rules out the formation  Yield for BHz cleavage fronib is about half that fronia We

(21) Frisch. M. 3. Trucks, G. W.. Schiegel, H. B. Gill. P, M. W.: find no significant pressure dependence of t_he relative differ-
Johnson, B. G Wong M. W.;’ Fof'esrﬁ’an, J.B.; R’obb, M A, Heéd-éord.(’m, gnces _am.ong the three CID . spectr_a, which Sque.StS that
M.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Binkley, K.; Raghavachari, isomerization ofla to 1b or 1c is not induced by multiple-
J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.; collision conditions. The qualitative differences among the

Stewart, J. J. P.; Pople, J. Saussian 9DFT, Revision G.3; Gaussian, ; ; ; ;
Inc.: Pittsburgh. PA, 1993. spectra leave little doubt that the ions (or ion mixtures) produced

(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gil, P. M. w.; DY reactions 24 are _different- o _
Johnson, B. G.; Robb, M. A;; Cheseseman, J. R.; Keith, T.; Petersson, G.  lon/molecule reactions tell a similar story. The ion produced

A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, ; ;
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; by deprotonation ofl reacts with both RO and CHOD by

Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; exchange of up to five hydrogens for deuterium. This behavior
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, B.; Martin, R. L.; iS consistent with structurga, which has five exchangeable

Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- hydrogens, and with the well-established mechanism for gas-
Gordon, M.; Gonzalez, C.; Pople, J. ASaussian 94ver. D.2, Gaussian,

Inc.: Pittsburgh, PA, 1995. phase H/D exchange in carbanidfdn contrast, ionslb,c do
(23) Coyle, T. D.; Kaesz, H D.; Stone, F. G. A.Am. Chem. Sod959 not react at all with addedJ® or CH;OD. This is the expected
81, 2989. _ . - behavior for substituted borohydride ion suchldsc, which
19é274g)fa§§7*é\""Adams' G.F.; Binkley, J. S.; Melius, CJFPhys. Chem. 44 not possess any hydrogen-bearing, Brgnsted basic sites. It
(25) (a) Eisenstein, O.; Kayser, M.; Roy, M.; McMahon, T.@an. J. is noteworthy that deprotonated dimethyl sulfide, MeSCH
Chem 1985 63, 281. (b) Dunbar, R. Cl. Am. Chem. Sod968 90, 5670. also does not undergo exchange with eithe©»r CHOD,
(26) Lias, S. G.; Bartmess, J. E.; Liebmann, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. GJ. Phys. Chem. Ref. Dai®88 17, Suppl 1. Updated (27) (a) Stewart, J. H.; Shapiro, R. H.; DePuy, C. H.; Bierbaum, V. M.

in J. E. Bartmess, NIST Std. Ref. Database 19B (Negative lon Energetics J. Am. Chem. Sod 977, 99, 7650. (b) DePuy, C. H.; Bierbaum, V. M.;
Database ver. 3.00), 1993. King, G. K.; Shapiro, R. HJ. Am. Chem. Sod.978 100, 2921.
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Figure 1. Collision-induced dissociation spectra of (a) MeSgREH,~
(1a), the product of reaction 2, (b) MeSGBH;~ (1b), produced by
reaction 3, and (c) C¥CH,S™, produced by reaction 4. The collision
energy was 3.5 eV (CM), and the argon target pressure wad @ >
Torr.

Scheme 1
i
S
H;C CH;
la
N /COZ
Co, TN
l - BH, 3 CH,
I
v
S /CO2
Hye” O CH,
"
+ co,
S 2
Hie” \CH2

but instead, it reacts exclusively by neutralization forming OD
or CHsO™, respectively.

Deprotonatedl undergoes several other reactions that are
consistent with carbanion structute. For example, it has been
shown that many carbanions react with &dd CS to produce
adducts and/or addition/elimination produgt®eprotonated
reacts with CQ in the helium flow reactor at a total pressure
of 0.4 Torr by addition and by addition/BHelimination

Ren et al.

observed. In this case, the initial adduct possesses greater
internal energy and a correspondingly shorter dissociation
lifetime 282 These addition/elimination processes can be viewed
as electrophilic substitution reactions by an ambident species.
Other electrophiles react with deprotonateth an analogous
manner. For instance, triethylborane, BBtields an adduct

(eq 5a) and a “borane switching” product (eq 5b).

MeS(BH,)CH, + BEt,— MeS(BH,)CH,BEt,”  (5a)

— MeSCHBEt,” + BH, (5b)

The presence of strong carbeboron bonds in these two
products is verified by their CID behavior, as fragmentation by
loss of the BEj requires collision energies in excess of 2 eV
(center-of-mass frame). In contrastlta ions1b,c do not react

at all with either CQ or CS and they only form adducts with
BEts.

The results of the CID and ion/molecule reaction experiments
clearly indicate that deprotonation dfproduces the carbanion
structurela with an intact S-B bond. The computational
results described later show that, while isomerizatiodafo
eitherlb or 1cis strongly exothermic, substantial barriers exist
for unimolecular rearrangements by [1,2]-Blar [1,2]-CHs
shifts.

In our earlier investigations we found that MeSBH; was
readily deprotonated by anionic bases that are not basic enough
to deprotonate uncomplexed Mg This means that the-CH
acidity of MeS increases upon borane coordination at the sulfur
atom. To quantify the extent of the acidity enhancement, we
determined the gas-phase acidityldfy the bracketing method.
The bracketing method was used because the ill-defined
concentrations of boraralimethyl sulfide complex in the flow
tube preclude quantitative equilibrium or kinetic measurements.
Reactions betweehand a series of anionic bases (fhaving
known proton affinitie3® were examined, as were the comple-
mentary processes in which carbanitamwas allowed to react
with the corresponding neutral reference acids (HA) (eq 6). A

Me,SBH; + A~ == MeS(BH;)CH, + HA
1 la

(6)

summary listing of the bracketing results is available in tabular
form with the Supporting Information. The observed occurrence
and nonoccurrence of proton transfers in the two directions are
internally consistent over a range of 19 different acids and bases,
and clearly locate\Gaci(1) between those of CHEN (AGacig

= 365.2 kcal/mol) and PhCIDH (AGgcig = 363.4 kcal/mol).

On the basis of these results, we assigBaqi(1) to be 364.3

=+ 2.0 kcal/mol. The valuA\Ggciq is converted taAHaciq with

use of relatiomHacia = AGacid + TASycia2® Where the entropy
change for acid dissociation is calculated frav8,ciq = SH™)

+ §1a) — Y1). The absolute entropy for the proton is 26.01
eu?® while the entropy difference betweednand 1a can be
estimated by considering the contributions from translational,
rotational, and vibrational entrogy.The resulting estimate for

(Scheme 1). The occurrence of both reactions suggests that (29) Bartmess, J. E.; Mclver, R. T. Bas-Phase lon Chemistrowers,

dissociation of BH from the nascent, energy-rich G@dduct
takes place on a similar time frame as that for collisional cooling
by the helium bath gas in the flow tube. With the stronger
Lewis acid C$, only the addition/BH elimination product is

(28) (a) DePuy, C. HOrg. Mass Spectronl985 20, 556. (b) DePuy,
C. H.; Bierbaum, V. M.; DePuy, C. H.; Shapiro, R. Bl.Am. Chem. Soc
1977, 99, 5800.

M. T., Ed.; Academic Press: New York, 1979; Vol. 2.

(30) Chase, M. W.; Davies, C. A.; Downey, J. R.; Frurip, D. J;
McDonald, R. A.; Syverud, A. NJ. Phys. Chem. Rdbata 1985 14, Suppl.

1 (JANAF tables).

(31) For a concise description of the calculationAdiq by statistical
mechanics, see: Davico, G. E.; Bierbaum, V. M.; DePuy, C. H.; Ellison,
G. B.; Squires, R. RJ. Am. Chem. Sod.995 117, 2590. Note that the
first term of eq A2 in this paper contains a minor typographical error; it
should read/2R In(T).
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ASii1) is 27.6 eu, which leads tAHai(1) = 372.5+ 2.0
kcal/mol. Thus,l is a stronger acid than uncomplexed J8e
(AHacig = 393.2+ 2.1 kcal/mol) by 20 kcal/mol.

Gas-phase acidities can be decomposed in terms of homolytic

bond energy and electron affinity terms according to the relation
AHaciRH) = DH[RH] — EA(R) + IP(H).2° To evaluate the
relative importance of these terms in determining the acidity of
1, we measured the electron affinity of MeS(BBH,® radical
(1d) by electron-transfer bracketing experiments involving
carbanionla and neutral molecules M with knowhelectron
affinities (eq 7). Electron transfer occurs framto SO; (EA

MeS(BH;)CH, + M — MeS(BH,)CH,”+ M * (7)
la 1d

= 1.7 £ 0.2 eV) andp-O,NCgH4,CHO (EA = 1.69 + 0.087
eV) but not top-O,NCeH,COCH; (EA = 1.57+ 0.1 eV), Sk
(EA = 1.5+ 0.2 eV),p-O.NCgH4CF; (EA = 1.5+ 0.1 eV),
or nitrobenzene (EA= 1.454+ 0.11 eV). A value of 1.63t
0.13 eV (37.6+ 3.0 kcal/mol) is assigned for the electron
affinity of 1d. Using this value for EALd) along with the
relation noted above, we derive a value for the CH bond
enthalpy ofl of 96.5+ 3.6 kcal/mol. Compared with MeSGH
radical (EA= 0.868+ 0.051 eV, 20.0t 1.2 kcal/mot9), the
electron affinity ofld is increased by about 18 kcal/mol, while
the CH bond strength df is the same, within error, as that of
dimethyl sulfide DH[MeSCH,—H] = 96.6+ 1.0 kcal/mo#5).
Borane-dimethyl sulfide complext reacts with F exclu-
sively by nucleophilic displacement at carbon to yieldsSBH;~
and methyl fluoride (eq 8). This is significant because nucleo-

(8)

philic displacement of MeSfrom uncomplexed MgS by F
does not occur under thermal conditions at room temperéture.
A noteworthy observation is that the product ion in eq 8
undergoes fast secondary reactions with the diborane in the flow
tube to yield BH and BHgs adducts (eq 9a,b).

Me,SBH, + F~ — MeSBH, + MeF

MeSBH, + B,H, —MeS(BH,) +BH;  (9a)
5

— MeS(BHg)~ (9b)
Because the product idhshown in eq 9a has the same nominal
mass asla (m/z 75), it presented a potential complication in
evaluating the reactivity ofl. Fortunately, the natural-
abundance isotope pattern for this ion is sufficiently different
from that of 1a to allow distinctions to be made. G2(MP2)
calculations indicate structufsa with two equivalent sulfur
boron bonds to be 13 kcal/mol lower in energy than the
hydrogen-bridged speciéb (vide infra).

BH;

L+

N

BH;

S
N H
Hie” BHY

H3C/ SpHy

Sa 5b

The dimethyl sulfide complex of another common Lewis acid,
BF;, was also examined in an analogous fashion. Th@S
bond enthalpy in trifluoroboranedimethyl sulfide complex,
Me,SBF; (4), is reported to be 3.5 0.5 kcal/mol®3 but CBS-4

(32) Ingemann, S.; Nibbering, M. MCan. J. Chem1984 62, 2273.
(33) Morris, H.; Kulevsky, N.; Tamres, M.; Searles, I8org. Chem.
1966 5, 124.
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Scheme 2
o
AHgis(12)

S+ diss S + BH;

H3C/ \CH{ H3C/ \CH{
—AHgia(1) AHyeig(Me2S)

b

st AHig(1) s + BH
H3C/ \CH3 - H3C/ \CH3

calculations suggest a somewhat higher value of 9 kcal/mol. In
either case, such weak bonding means that the complex would
be largely dissociated in the gas phase at room temperature.
Nevertheless, the reaction of Olvith the head vapors sampled
from pure liquid4 produces a low yield of an apparent proton
abstraction product, £sBF3;S—, along with other product ions
attributable to primary and secondary reactions of freg. BF
lon/molecule reactions and CID experiments indicate carbanion
structureda for the proton abstraction product. For purposes
of comparison, authentic borate igtb was synthesized by
adding BF; to preformed MeSCht ion. CID of 4aat 3.1 eV
(center-of-mass) produces three ionic products with 1:2:1
relative abundances (eq 10), whilb gives two ionic products

in a 1:2 ratio (eq 11).

MeS(BR)CH, —[F;BSCH] *+'CH;  (10)
4a [C,H,BF,S] + HF
MeSCH,™ + BF,
MeSCHBF;™ — [SCH,BF,;] "+ ‘CH, (11)

4b [C,HBF,S]” + HF

The differing CID spectra indicate that different structures are
present but do not rule out the possibility ofla/4b mixture.
lon/molecule reactions reveal the carbanion structiate The
proton abstraction product undergoes at least two H/D exchanges
with CH3OD but not with DO, and it reacts completely with
CO, and BEg by both addition and electrophilic substitution
(cf., Scheme 1). In contrast, iofb is unreactive with these
reagents.

Attempts were made to determine the gas-phase acidiy of
by bracketing. However, the extreme lability &fvith respect
to dissociation and the low signal intensitiesdaf made these
experiments difficult to interpret. Only an upper limit {H it
(4) of 371 kcal/mol could be confidently assigned on the basis
of the reactivity of4 toward different reference base anions.

The extent of the acidity enhancement for a Lewis acid
base complex can be related to the difference between the
coordination enthalpies of the neutral complex and the conjugate
base anion using the thermochemical cycle shown in Scheme
2. Itis apparent that the acidity change in going fromySi&
1is simply given by the difference in the-8 bond strengths
of 1 and la. Using the literature values for the-8 bond
strength ofl and the gas-phase acidity of Mealong with the
measured acidity df determined in this work, we obtain a value
for the S-B bond enthalpy in carbanioba of 46.6 kcal/mol.

We attempted to measure the-B bond dissociation enthalpy
for 1a directly by CID threshold energy techniqu€sAn

(34) The BR-derived products include BD~, BFO~, BFs~, and
BoFsO~.
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extensive series of measurements carried out under a range oNH,~ and the head vapors sampled from pure bordnmethyl-
conditions over several years time led to an average value ofamine2 yields a proton abstraction product (eq 12a) and the
1.1 eV (25 kcal/mol) for the energy of dissociation of Birfom nucleophilic substitution product MEBH3~ (eq 12b)

ion 1a. This value is much too low compared to the 46.6 kcal/

mol bond strength required by the thermochemical cycle. We Me;NBH; + NH, — Me,N(BH;)CH, + NH; (12a)

tentatively concluded from this discrepancy that there must be 2 2a
an isomeric or isobaric ion formed during the synthesis of ion B
lathat is present as an impurity in thezBS ™ ion beam that — Me,NBH; + MeNH,  (12b)

is mass-selected for CID threshold analysis. This impurity must
also lose 14 amu upon CID, but with a considerably lower in an approximately 17:1 yield ratio. The isotopic pattern

energy requirement compared to BHbss from 1a. One observed for the proton abstraction product excludes the isobaric
possible candidate is the MeSi)~ ion 5 identified earlier ion Me;N(BH3).™ that could conceivably come from a secondary
as a secondary product of the methyl substitution reactidn of ~reaction between M&lBH3™ and BHs. Only traces of Bl

(eq 9a). G2(MP2) calculations predict Bldissociation en- but no polyborohydride ions, are observed in the mass spectrum,
thalpies of 39.1 and 26.4 kcal/mol for isomesa and 5b, in keeping with the absence of significant concentrations of

respectively. The latter value is about the same as the apparen¢iborane in the sample head vapors. The reactivity of the proton
dissociation enthalpy obtained fae. Although the observed  abstraction product is consistent with carbanion strucBae
isotope pattern for ioria indicates that contamination Bb B
could not be large, CID threshold experiments are extremely BH3
sensitive to the presence of isobaric impurities with low H:C—N*—CH;~
dissociation energies and high CID cross sectfns an
attempt to circumvent this contamination, borahe-dimethyl
sulfide, MeSBDs;, was used as the precursor for the CID 2a
threshold experiments. In principle, deprotonation oL8®”D; . .
will producela-ds, CHsS(BDs)CH,~, with mVz 78 for the main ie., it undergoes up to 8 H/D exchanges WltEQ? and reacts
isotopomer, while the suspected ion contaminant would have With CO, and BEg to give adducts and electrophilic substitution
the composition of MeS(Eg)~, with m/z 81 for the main products_ln the manner |II_ust_rat(_e_d in theme landeq5. The
isotopomer and no intensity av'z 78. The ion withm/z 78 obser.vatlon of qarbanlcﬁals ;lgnlflcant since the gncgmplexed
produced by deprotonation dfa-d; with OH~ was mass- a-amlnocarbanlon M&ICH, ™~ is an unknown species in the gas
selected and subjected to CID threshold measurement; howeverPhase that is believed to be thermodynamically unstable with
the apparent threshold for loss of 17 amu gB@®as still found ~ 'espect to electron detachment (i.e., EA(MEH;") < 0)*" CID
to be about 1.1 eV. Other isotope labeling strategies were tried ©f 22t 4.2 €V (center-of-mass) collision energy produces two
that led to the same outcome. product ions corresponding to loss *@fH; and CH, and only

An alternative possibility is thata rearrangesiuring CID minute traces of a fragment ion with a mass corresponding to
to produce CHCH,S instead of CHSCH,~ as the dissociation loss of BHs. A likely explanation is that coII|S|c_)naI activation
product ion. This would require a barrier for the dissociative 1€2dS to cleavage of the-N8 bond accompanied by prompt
rearrangement procesda — CHsCH,S~ + BHs of about 25 electron detachment from the nascent, unstable carbanion

kcal/mol, the apparent threshold for borane cleavage obtainedfagment (eq 13y?
by energy-resolved CID. In fact, the ab initio calculations

CHj

described later suggest that this is the most likely explanation, Me,N(BH;)CH, — Me,NCH," + BH; +e"  (13)
since a transition structure connectifig with 1c was found ) ) )
with an energy just 27.6 kcal/mol above that of iba Thus, Acid—base bracketing experiments locate the gas-phase

the lowest energy pathway for loss of BHom lainvolves a  acidity of 2 between that of wateNGaciq = 384.1+ 0.2 keal/
simultaneous [1,2]-Cishift producing CHCH,S™ as the ionic ~ MOoP9) and naphthalene\Geacio = 383.8+ 1.2 kcal/mot®), from
product. Therefore, at the apparent CID onset fogBldavage ~ Which we assignAGacid2) to be 384.0+ 2.0 kcal/mof
from 1a, CHsCH,S™ must be formed. However, the clear Combining this with an estimate faxS.:i((2) of 30.4 eu gives
differences between the CID spectra obtained for isortars ~ AHacd2) = 393.0+ 2.0 kcal/mol.  Although the gas-phase

and1c (Figure 1a,c) indicate that direct cleavage of £rbm acidity of uncomplexed trimethylamine is not known, a lower

lagiving CHsSCH;~ (as well as other direct cleavage processes) limit of 404 kcal/mol forAHaci{MesN) has been recommended

must be competitive at higher energies. by Mackay and Bohm& and ab initio calculations give an
Borane—Trimethylamine and Borane—Triethylamine. Bo- estimate of 411 kcal/mol (vide infra). Therefore, the present

rane-trialkylamine complexes are the subjects of classic studies results indicate that coordination of ¢ by BH; leads to an

of steric effects carried out by Brown and co-workers more than -CH acidity increase of about 18 kcal/mol. _

40 years agd® Recently, the enhanced acidities of these  The substitution reaction, eq 12b, is noteworthy. Displace-
complexes in solution has been recognized and exploited forment of methylamine from Ml by NH," is essentially
organic synthesis, as borane activation has been shown to bdhermoneutral §Hy, = —0.3 kcal/molj® and is not observed

an effective method fos-lithiation ando-alkylation of tertiary ~ in the gas phase. Therefore, as with dimethyl sulfide, tri-
amines? The N—B bond strengths of Bilcomplexes involving methylamine is also activated toward nucleophilic attack at the
relatively uncongested trialkylamines are in the—3® kcal/ methyl groups by coordination with B

mol range3 so they remain essentially undissociated in the vapor (37) Downard, K. M.; Sheldon, J. C.; Bowie, J. H.; Lewis, D. E.; Hayes,

phase at room temperature. Reaction in the flow tube betweenR. N.J. Am. Chem. Sod.989 111, 8112.
(38) Graul, S. T.; Squires, R. R. Am. Chem. S0d.990 112, 2506.

(35) Wenthold, P. G.; Squires, R. R.Am. Chem. So4996 116, 6401. (39) This value for AGgcid2), which is based on more complete
(36) (a) Brown, H. C.J. Chem. Soc1956 1248. (b) Brown, H. C. bracketing experiments, represents an upward revision from the one given
Boranes in Organic Chemistrornell University Press: Ithaca, NY, 1972;  in the preliminary report*

Part 2. (40) MacKay, G. I.; Bohme, D. KJ. Am. Chem. S0d.978 100, 327.
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The behavior of boranetriethylamine, E{NBHj, illustrates abstraction product. Rather, only primary and secondary product
another mode of enhanced reactivity of the amine in a berane ions derived from reactions of free B&re produced, including
amine complex. Reaction in the flow tube between eitherOH BF,~, BF,O™, and FBOBFR;~. In contrast, when Fis the
or F~ and the head vapors sampled from pure borane triethyl- reactant ion, nucleophilic substitution is observed to yield
amine complex yields exclusively the elimination product MeOBF;~ (eq 15). This product cannot have arisen by a
Et;NBH3™ (eq 14, B = OH™ or F). A f-elimination rather

Me,OBF;, + F — MeOBF; + MeF (15)
Et;NBH; + B — Et,NBH; + CH,=~CH, + BH (14)

stepwise process in which First reacts with MgO to produce
than 2 substitution mechanism for #BHs is indicated by ~ MeO™ which then adds to free Bfsince uncomplexed M®
the fact that the analogous product, MM8Hz ", is not observed ~ does not react with Fat all. Therefore, as with—4, it must
when either OH or F~ reacts with MgNBHs. Hydroxide- be a unique reaction of the M@BF; complex in which borane
induced elimination of ethylene from uncomplexed triethylamine coordination activates the methyl groups toward nucleophilic
is endothermic by about 14 kcal/mdland does not occur in  attack. Reaction of Fwith trifluoroborane-diethyl ether, Bt
the gas phase. Thus, coordination of triethylamine bys BH OBFs, produces exclusively the analogous product ion Et9BF

activates the ethyl groups toward Hoffmann-ljkelimination while uncomplexed EO does not react with Funder the same
reactions. conditions. The observed product ion could arise by either
Borane—Trimethylphosphine. The use of boranetrialkyl- a-substitution o-elimination (eq 16). These two possibilities

phosphine complexes and the#lithiated derivatives as novel 3 B
reagents for asymmetric synthesis was recently reported byEtQOBF3+ F —EtOBFR; +

Evans and co-workerd. Equilibrium studie®? show that the (CH,=CH, + HF or CH,CH,F) (16)
P—B bond strength in borangrimethylphosphine compleR
is greater than the NB bond strength ir2, so3 will also remain are distinguishable with cyclic ethers, since the masses of the

undissociated in the gas phase at room temperature. Reactioubstitution and elimination products are different. Accordingly,
of complex3 and OH" proceeds entirely by proton transfer. the reaction of F with trifluoroborane-tetrahydrofuran com-
Carbanion structur8ais assigned to the product based on the plex, c-GHsOBFs, was examined. A single product ion is
_ observed corresponding tal€;OBF;~, which is consistent with
BH; the occurrence of elimination (eq 17) but not substitution. This
HyC—PE—CH; same preference for elimination over substitution has been
deduced from studies of the gas-phase reactions of @l

CHs NH,~ with the uncomplexed ethef$.

3a

L c-CH,OBF,+F —
observed reactivity, i.e., it undergoes up to 8 H/D exchanges
upon reaction with BO, and reacts with both Gand BE% to CH,=CHCH,CH,0OBF; + HF (17)
yield adducts but no electrophilic substitution products. The
absence of electrophilic substitution in this case is probably due ~Computational Results. The geometries, electronic struc-

to the exceptionally strong-FB bond in ion3a. CID of 3a at tures, and thermochemical properties of borane and trifluorobo-
3.5 eV (center-of-mass) gives MRCH,~ as the only ionic rane complexes, their conjugate base anions, and a series of
product. related ions and neutral molecules were examined computa-

Acid—base bracketing experiments show the acidity ¢ tionally using G2(MP2) and CBS-4 procedures. In addition,
be between that of DMSQAGaciq = 366.4+ 2.0 kcal/mot®) the transition structure3,S1ab, linking isomerslaandlb and
and FCHCH,OH (AGacig = 364.6 = 0.4 kcal/mo?9), from TSlaclinking isomersla and 1c were also characterized at
which we assigi\Gai((3) = 365.5+ 2.0 kcal/mol. Combining the G2(MP2) level, and the conformational propertiesaivere

this with an estimate foAS,ii(3) of 30.4 eu givet\Hai(3) = examined with an MP2(fc)/6-32G(d) procedure.

374.54 2.0 kcal/mol. Compared to trimethyl phosphife-ciq Optimized structural parameters obtained at the MP2(full)/

= 391.14+ 2.1 kcal/mot3), the BH; complex3 is a stronger 6-31G(d,p) and MP2(fc)/6-31G(d) levels for selected species

acid by 17 kcal/mol. from the dimethyl sulfide seriesl(@nd4) are summarized in
Trifluoroborane —Etherates. Trifluoroborane-etherate com-  Figure 2. Full geometrical descriptions and listings of total

plexes, ROBF;, typically formed as dilute €1 M) solutions energies for each of these species are given along with data for
in the corresponding ether, are common sources gff@fFuse 2, 3, and related molecules in the Supporting Information.
in synthesis. The ©B bond strengths in these complexes are Coordination of MgS by either BH or BF; leads to relatively
in the range 1620 kcal/mol® We briefly examined the gas-  small structural changes in the components of each complex.
phase negative ion chemistry of the Béomplexes of three Optimized S-B bond distances of 1.99 and 2.15 Aare computed
simple ethers: dimethyl ether, diethyl ether, and tetrahydrofuran for 1 and4, respectively. The SC bond distances and CSC
(THF). bond angles in the M& moieties are about the same as in the
Reaction of the head vapors sampled from pure®B; free molecule, and the borane fragments in the complexes are
with either N~ or OH™ does not produce an observable proton relatively little pyramidalized.
Deprotonation ofl and 4 leads to pronounced structural
changes. The computed structures foand la indicate that

(41) Muci, A. R.; Campos, K. R.; Evans, D. A. Am. Chem. Sod995

117, 9075.
(42) Young, D. E.; McAchran, G. E.; Shore, S. &.Am. Chem. Soc the S-CH; bond length decreases by 0.06 A upon deprotona-
1966 88, 4390. tion, while the S-CHz bond length increases by 0.02 A. These
(43) Ingemann, S.; Nibbering, N. M. M. Chem. Soc., Perkin Trans. 2
1985 837. A somewhat lower value fdtHacid MesP) is given by Grabowski (44) (a) DePuy, C. H.; Bierbaum, V. M. Am. Chem. S0d.981, 103

et al. (Grabowski, J. J.; Roy, P. D.; Leone,RChem. Soc., Perkin Trans. 5034. (b) DePuy, C. H.; Beedle, E. C.; Bierbaum, V.MAm. Chem. Soc.
21988 1627). 1982 104, 6483.
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Lmo{/,;ﬁ\u,gl‘t ﬁ Lmo/,;”s\g\.qn //,&fgs el Figure 3. Calculated energy profile for clockwise rotation about the
\::gg;<~f \@16 " \' ’a *1@/1.278 S—CH," bond in carbanioria Relative energies for selected conform-
prid Lrig )34 oo FY ers compute_d at the MP2(fc)/6-85(d) level are |nd|c§1ted _by the solid
“CSCq 1009 <CSBy =961 and open circles, and the smooth curves are spline fits of the data.
<BCeS=112.4 <BHBg = 123.8 Rotation energy profile with full relaxation in all other coordinates
1b 5b shown as the dotted line; rotation of rigid @group maintained at its
initial (® = 0°) local geometry indicated by the solid line.
% 1.3@;,,/@:\4.952 » "\‘::Q;;;»' Qtiaggao of the CH, group occurs during geometry optimization. The
o @ \W" o P torsional energy profile for rotation of a rigid GHgroup
Ve Geo @ 0 maintained at its initial @ = 0°) I_oca}I geometry was also
et computed and is shpwn as the solid line in Figure 3. The two
<CoSB =592 BH, BF, ca. 11 kcal/mol maxima ab ~ 90° and® =~ 270" correspond
to eclipsing of the carbanion lone pair with the sulfur lone pair
lc .
and the S-B bond, respectively.

Py Similar geometrical changes are also found in the; BF
jgzguj;;‘f LN - igzgaj;‘fj complexed specieg} and 4a, except that the CHin 4a is
BOS 666 2532\\\@‘ Q <CoS - 116 pyramidalized with the lone pair oriented gauche to the BF

e e 2882:? ’222795 group in the lowest energy conformer. The carbaniBiX3
o '8 W 2668 P te repulsive interaction is smaller #a compared tdla since the
¥ " 7”‘ S—B bond is longer. Moreover, in the preferred conformation
o® ve omﬂ';g‘(') ) of 4a, the lone pair on CHis anti-periplanar to the -SCHs
1956° @ bond, thereby enabling negative hyperconjugation with the
TSlab TSlac S—CHs; o* orbital.45P The 4a conformation with the carbanion

lone pair gauche to the-SC bond (analogous to the preferred

conformation ofla) is only 1.2 kcal/mol higher in energy.
Natural bond orbital (NBO) analygisindicates the Ckigroup

to have the greatest negative charge density in hathnd4a.

A summary of the net charge shifts that accompany deproto-

structural changes are similar to those calculated for deproto-nation of1 and4 is given in Table 1. In going froni to 1z,
nation of uncomplexed dimethyl sulfide and dimethyl sulfox- the charge at the-carbon increases by 0.76 e (similar to the
ide 5 X-ray structures of sulfur ylides also indicate that the ylide computed charge shift for deprotonation of DM3®, while
carbon-sulfur bond length tends to be shorter than a normal the charge density at sulfur remains essentially unchanged and
S—C single bond® The calculations also indicate a shorter®s ~ the charge shifts to the Brand CH groups are small. The
bond and a more pyramidalized BHhoiety in1lacomparedto ~ change of the charge distribution in going frehto 4a shows

1. The CH group inlais quite pyramidal and adopts a @ similar pattern, but with a distinctly greater polarization of
conformation such that one of its hydrogens eclipses thB S the S-BF3; bond due to the greater electronegativity of fluorine
bond and the lone pair is gauche to the G bond. This ~ compared to hydrogen. . . o
conformation minimizes repulsion among the carbanion lone Isomerslb.c have structures consistent with a designation
pair, the sulfur lone pair, and the negatively charged Bitup. as strongly bonded “ate” complexes. The-® bond distance
The energy profile for rotation about the-€H, bond in1a  in 1bis 1.65 A, only 0.14 A longer than that in lithium
was examined at the MP2(fc)/6-3G(d) level of theory and is  tetramethylboraté? and the BH moiety is fully pyramidalized
shown in Figure 3. Rotation with full relaxation of all degrees With @ staggered conformation. Similarly, the-B distance

of freedom gives rise to the energy profile shown as the dotted in 1cis 1.95 A and the Bhigroup is pyramidal.

line. For torsional angle® greater than about 170inversion The optimized transition structuiéS1abfor the isomeriza-
tion from la to 1b by a [1,2]-BH; shift involves a nearly-

Figure 2. Optimized structures for selected molecules related to
complexesl and 4. Geometries determined at the MP2(full)/6-31G-
(d,p) level for all species excegtand4a, which were determined at
the MP2(fc)/6-31G(d) level.

(45) (a) Speers, P.; Laidig, K. E.; Streitwieser, A.Am. Chem. Soc.

1994 116 9257. (b) Wiberg, K. B.; Castejon, H. Am. Chem. S0d.994 (47) Weinhold, F.; Carpenter, J. Ehe Structure of Small Molecules
116, 10489. and lons Plenum Press: New York, 1988.
(46) Trost, B. M.; Melvin, L. S., JrSulfur YlidesAcademic Press: New (48) Groves, D.; Rhine, W.; Stucky, G. D. Am. Chem. S0d971, 93,

York, 1975; Chapter 3. 1553.
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Table 1. Calculated Charge Distributions and Charge Shifts from NBO Analysis
group MeSBH; (1)? MeS(BHs;)CH;~ (1a)? charge shift group M&SBF; (4)° MeS(BR)CH,™ (4a)® charge shift

S 0.638 0.645 —0.007 S 0.444 0.507 0.063
BH3 —0.514 —0.661 —0.147 Bk —0.331 —0.533 —0.202
CHs 0.062 —0.165 —0.103 ChH —0.055 —0.209 —0.154
CH~ —0.818 —0.756 Ch~ —0.766 —0.711

aMP2(full)/6-31G(d,p) geometry> MP2(fc)/6-31G(d) geometry.

CH;SCH, + BH;

e -
,-(;H;] i BH3_] *
H—S~CH, H, e~ S~CH,
435
27.6 29.3
CH;CH,S  + BH; 71.1
e
CHyS*CH;” 27.6
48.0 44.0

CHy~S~cuyBHs

CH3/CH2\S/BH3_
Figure 4. G2(MP2) energy profile in kcal/mol for isomerization & to 1b and1c by a [1,2]-BH; shift and a [1,2]-CH shift, respectively.

symmetrical three-membered ring with-B and B-C distances Table 2. Calculated Enthalpy Changes for Selected Reactions at
of 2.53 and 2.67 A, respectively. The-8H, bond length (1.70 298 K (kcal/mol)

A) is shorter than that in bottha and 1b, while the S-CHs reaction AHaos
bond is somewhat elongated. The geometries of the MeSCH Me,SBH; (1) — Me,S + BH3 22.6(25.9¥
and BH; fragments inTS1ab are nearly the same as those of  MeS(BH;)CH,™ (1a)— MeSCH~ + BH3 43.5:(46.6)
the free species, which means that in the transition state the MeSCHBH;™ (1b) ~MeSCH™ + BHs LB
migrating BH; group is only loosely bonded to MeSGH CHsCH,SBH,™ (1¢)—~ CH:CH,S™ + BH; 48.0

9 . ; . L MeSCHBHs— (1d) — MeSCH— + BH; 18.4
Critical points on the potential energy surface for isomerization MeS(BH)CH,~ (18)— MeSCHBH;™ (1b) o7 @
of lato 1bvia a [1,2]-borane shift were determined at the G2-  CcH,S(BHs)CH,~ (1a)—~ CH:CH,SBHs™ (1c) —44.2
(MP2) level of theory and are shown in schematic form in Figure  MeS(BH),™ (5a)— MeS(BHs)~ + BH3 39.12
4. The computed transition state was characterized by a single meSSI?BFé—(Z—BTA{ é5£)BT: MeS(BH)~ + BHs 36(3)‘?3 -
; ; ; ; i €2 — Mez - :
imaginary frequency (405i cm) corresponding to motion along MeS(BR)CH,- (4a) MeSSCHf +BR, 5.0

the BHs migration coordinate, which involves pronounced
elongation of the SB bond accompanied by some rotation of
e -0t bond 1 ccommodte s deveopng@ b, D chnges cledied e SAUTE |Neay
The _C_omputed barrier height is 29.3 kcalimol, placing the dExp?arimental value from this work, derivgd from measured gas-phase
transition state for rearrangement 14.2 kcal/mol below the energy acigity and the thermochemical cycle illustrated in SchemeEx-
required to dissociatéato MeSCH™~ + BH3z. The computed perimental value, ref 33.
transition structure and high energy barrier for conversion of o )
lato 1bare consistent with expectations for an orbital symmetry Plex. The computed geometry and charge distribution obtained
forbidden unimolecular isomerizatidf. for TS1lacat the MP2(full)/6-31G(d,p) level are indicative of a
Isomerization ofla to 1c by a [1,2]-CH shift is found to ~ Wittig-like [1,2]-methyl anion shift, as opposed to a methyl
have a barrier of 27.6 kcal/mol (Figure 4). LiReSlah the radical or methyl cation shif? The group charges iiSlac
optimized transition structur&@Slacalso involves a nearly-  derived from NBO analysis are GH—0.35), CH (=0.28), S
symmetrical three-membered ring and a single imaginary (0.25), and BH(—0.62). TS1acis quite similar to the transition
frequency (310i cm?) corresponding to motion of the migrating ~ Structure found at the same level of theory for the [1,2]sCH

MeSCHBF;~ (4b) —~ MeSCH~ + BF; 70.7

group between the sulfur and carbon atoms. HoweWgtac  Shift in uncomplexed CESCH™ anion, which also has a
has longer bonds to the migrating grouq—C) = 2.82 A; relatively low barrier (23.5 kcal/mol) and charge distribution
r(S—C) = 2.80 A) thanTS1ab, and an orthogonal orientation  indicative of a methyl anion migration mechanism.

of the nearly planar methyl group with respect to a jSBH;] The computed structures for isobaric idbab merit com-
substructure that resembles a thioformaldehyligrane com- ~ ment. The lower energy isomBa incorporates two equivalent

. . S—B bonds, whereaSb has a single SB bond with the other
(49) Woodward, R. B.; Hoffmann, RThe Conseration of Orbital
SymmetryVerlag Chemie: Weinheim, Germany, 1970. (50) Schollkopf, U.Angew. Chem., Int. Ed. EnglLl97Q 9, 763.
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Table 3. Gas-Phase Acidities, Electron Affinities, and Homolytic Bond Dissociation Enthalpies (kcal/mol)
Me,SBH; Me,S MesNBH; MesN MesPBH; Me;P
AHaci RH)
expt 3725+ 2.¢¢ 393.2+ 2.1 393.0+ 2.7 >404 3745+ 2. 391.1+ 2.1
theory 371.8,372.4 392.%,392.3 393.9 411.4 373.4 389.6
AHzogRH]
expt 95.8+ 3.C¢ 96.6+ 1.0
theory 97.9102.5 93.7%,94.3 103.4 92.5 102.8 98.3
EA(R)
expt 36.9+ 2.3 20.0+1.2 <0
theory 39.843.2 147155 23.1 -5.3 42.8 22.3

aThis work, all other experimental data taken from ref 2&2(MP2) model, all other theoretical results from the CBS-4 model.

Table 4. Comparison of Calculatédsas-Phase Acidities for
Isoelectronic Model Compounds

compd AHacig, kcal/mol compd AHacig, kcal/mol
Me;SBH; 372.4 MeNBH3 393.9
Me,SO 374.3 MeNO 389.0
MesS* 252.6 MePBH; 373.4
MesPO 378.7
a CBS-4 model.

BH3; molecule engaged in a hydride-bridging interaction with
the coordinated Bkl This latter structure is similar to those
described by Eisenstein et%lfor other substituted diborane
anions, XBHg~™ (X = H, F, MeO) and to the neutral Lewis
base adducts of diborane described by Sdkaid DiMare>?
The S-B bond distances calculated foa,b are about the same
(1.94 A), despite the differing formal oxidation state of the sulfur
atom in the two forms. The ability of sulfur to accommodate
two Lewis acid bonding interactions in idsa arises from its
large size and the diffuse nature of the lone-pair orbitals in
CHsS ™.

The 298 K enthalpy changes computed for selected dissocia-
tion and isomerization reactions pertinent to the dimethyl sulfide
complexes are summarized in Table 2 along with some experi-

to either of the lower energy forms under thermal conditions at
room temperature. The model calculations indicate a high
barrier for the exothermic [1,2]-BEhift from sulfur to carbon,
29.3 kcal/mol (Figure 4), in keeping with the orbital symmetry-
forbidden nature of such a process occurring with retention at
boron?#?® Isomerization ofla to 1b resembles the sulfonium
ylide—sulfide rearrangement, in which an alkyl group migrates
from sulfur to the ylide carbon. This rearrangement also has a
relatively high barrier and is believed to proceed via radical
pair intermediate® The occurrence of carbanion reactivity, i.e.,
H/D exchange and electrophilic additions, by ides 3a, and
4aalso indicate formation of stable carbanions by deprotonation
of the corresponding neutral borane complexes. Analogous
orbital symmetry constraints on the unimolecular isomerization
of these species are likely.

Isomerization oflato 1c has a 27.6 kcal/mol barrier and
proceeds via a Wittig-like [1,2]-CHanion shift mechanism
analogous to that for the uncomplexed $SiEH,~ carbaniorf®54
This rearrangement can be induced by collisional activation and
is probably responsible for the anomalously low CID threshold
energy obtained for Biicleavage from iorla, i.e., the disso-
ciation product at threshold is GBH,S™ rather than CESCH,™.

The remote possibility exists that a mixture Id, 1b, and/

mental values for comparison. Values of the gas-phase acidities °" 1cions is formed in the flow tube, since the latter two isomers

homolytic o-CH bond dissociation enthalpies, and radical
electron affinities for compound$—3 are given in Table 3,
along with the available experimental data from the literature

were unreactive and, thus, could have gone undetected by the

probe reactions. Although isomerizationId to eitherlb or
1chby unimolecular processeses at room temperature is unlikely,

and from the present work. Gas-phase acidities for some modelVe must consider possible bimolecular pathways for converting

compounds that are isoelectronic with 3 were determined at
the CBS-4 level of theory and are summarized in Table 4. For
all of the acidity, bond energy, and electron affinity estimates,
an isodesmic reaction approach was employed, wherein the
acidities and bond energies were calculated relative to methane
and the electron affinities were calculated relative to methyl
radical. Absolute values were then derived by combining the
computed differences with the accurately known experimental
values?® AHa.i(CHs) = 416.7 kcal/mol,DHyod CHs—H] =
104.9 kcal/mol, and EACH3) = 1.8 kcal/mol. For comparison,

lato 1b. The occurrence of the borane switching reaction
illustrated in eq 5b raises the question as to wheftecan
undergo isomerization tdb in the presence of the neutral
diborane that is unavoidably present in the flow tube when
sampling the head vapors frofn Equation 18 illustrates a

MeS(BH,)CH, + B,Hs — [MeS(BH,)CH,B,H, T* —
MeSCHBH,~ + 2BH, or B,H; (18)

plausible mechanism for this, wherein ida first coordinates

the directly calculated acidity and bond enthalpy for methane it g,Hg by B—C bond formation, followed by cleavage of

and electron affinity for methyl radical obtained from G2(MP2) ihe S-B bond to effect the overall isomerization.

The

and CBS-4 methods are (in kcal/mol) 418.2, 105.7, and 0.97 {hermodynamic viability of this reaction is determined by the

(G2(MP2), and 419.4, 105.7, and 1.5 (CBS-4).

Discussion

The observed differences in the reactivity & and the
authentic borate iondb,c clearly indicate that deprotonation

fate of the two BH product molecules: the reaction is predicted
by ab initio calculations (G2(MP2)) to be endothermic by 9.8

kcal/mol if two separate Bkl molecules are produced, but

exothermic by 27.6 kcal/mol if they wind up bonded together
as BHe.

In the latter case, Bl is a catalyst for the

of complex1 produces a stable carbanion that does not rearrangelSOmerization. While considered unlikelythis possibility for

(51) Eisenstein, O.; Kayser, M.; Roy, M.; McMahon, T.@an. J. Chem.
1985 63, 281.

formation of a mixture ofLa,b by the latter process under the
conditions of our experiments cannot be completely ruled out.

(52) Sakai, SJ. Phys. Chem1995 99, 9080.
(53) DiMare, M.J. Org. Chem1996 61, 8378.

(54) Ahmad, M. R.; Dahlke, G. D.; Kass, S. R.Am. Chem. So4996

118 1398 and references therein.
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These same considerations pertain to formation of borate isomer Additional insight regarding the nature of the acidity increases

contaminants with ion2a—3a. derives from the thermodynamic dissection of the acidities in
The results reveal that coordination of }e MeN, and MeP terms of bond energy and electron affinity terfAsThe

by BHs increases the gas-phase acidities of the methyl groupsexperimental data summarized in Table 3 show that the main

by 18-20 kcal/mol. The G2(MP2) and CBS-4 models predict contributor to the 20 kcal/mol increase in acidity (decrease in

absolute acidities fol—3 that are in good agreement with
experiment (Table 3). A larger increasednCH acidity (27

AHacig) of complex1 compared to MgS is the increased electron
affinity of MeS(BHs)CH,® radical (Ld). That is, BH coordina-

kcal/mol) is predicted by the CBS-4 calculations to accompany tion leads to a 18 kcal/mol increase in radical EA, but no

BF; coordination of MgS. Bracketing experiments withand
4a give a lower limit for the enhancement of 22 kcal/mol.

significant change in thex-CH bond strength within the
experimental errors. The theoretical predictions are consistent

The origin of the acidity increases is the presence of the large with the experimental results. According to the G2(MP2)

bond dipole in the Lewis acitbase complexes, i.e., differential
intramolecular electrostatic (inductive and field) effects on the
conjugate acietbase pairs. The calculated geometry changes
and charge distributions accompanying deprotonatidh(eahd

4) clearly show this (Figure 2, Table 1). A significant reduction
in the S-CH,~ bond distance accompanies deprotonation.
Examination of the computed geometries #)r3, and their

model, the 21 kcal/mol computed acidity increase is composed
of a 25 kcal/mol increase in EA, but gn& 4 kcal/mol increase

in BDE accompanying BE coordination, while the CBS-4
model breaks down the 20 kcal/mAH,¢q increase intAAEA

and ABDE terms of 28 and 8 kcal/mol, respectivéfyThe
computed thermochemical decompositions for compl@asd

3 show the same trend, i.e., the acidity enhancements are

conjugate base anions shows the same thing. Resonancetrongly dominated by the increased electron binding energies
stabilization through &—Cg, conjugation is not the explanation. ~ of the carbanions. The large differences between\ié and
Numerous experimental and theoretical studies show that theABDE contributions are interpreted as dipolar stabilization of
high-lying, virtual d-orbitals of main-group elements such as S the carbanions, rather than dipolar destabilization of the neutral
and P do not participate in-bonding to carbon or other first-  radicals or the conjugate acids, since if the latter were true, the
row elements$8 The negligible computed charge shifts to the ABDE term would be comparable to, or even greater than, the

heteroatoms that accompany deprotonation (Table 1) and theAEA term.

fact that the CH™ groups in carbanionka—4aremain strongly
pyramidalized are inconsistent withretpzr conjugation. More-
over, conjugation of this type is not possible wh, but the

Given the ion-dipole nature of the 20 kcal/mol increase in
the acidity of1, it is instructive to compare its magnitude with
the purely dipolar effect of a full positive charge on the acidity

measured acidity enhancement and the computed geometryof the isoelectronic species trimethylsulfonium ion,d&e The

changes in the ion are the same ad#@and3a. Rather, the

gas-phase acidity of M8" (AHa.id) is calculated to be 253 kcal/

bond length decreases accompanying deprotonation are a resutinol at the CBS-4 level of theory (Table 4). This represents a

of the strong attractive electrostatic interaction between the
negatively charged CH groups and the positively charged,
onium-like heteroatoms in the ions.

The gas-phase acidity dfis virtually identical to that of the
isoelectronic molecule, dimethyl sulfoxide, and the acidities of
2 and 3 are comparable to the acidities computed for the
correspondingN-oxide andP-oxide molecules (Table 4). The
origins of thea-CH acidity enhancements accompanying oxida-

120 kcal/mol greater acidity than that bfand a 140 kcal/mol
acidity increase relative to M8. A comparable effect on
acidity due to chargecharge interactions in the conjugate base
was recently reported by Cooks and co-workefer betaine,
MesN+TCH,COH. The experimentally determined gas-phase
acidity of the carboxylic acid group in this cation was found to
exceed that oN,N-dimethylglycine by about 100 kcal/mol. In
the simplest of models for the difference between the acidities

tion and borane coordination of the heteroatom are believed toof Me;S™ and MeSBH;, we note that the computed distance

be the same. The nature of the acidity increase in going from
Me,S to DMSO has been a subject of interest for many years,
and several explanations have been proposed, includipg S
C, conjugatiort’ negative hyperconjugatiéi>8and intramo-
lecular electrostatic effect&:5°The latter two explanations are
the correct ones, in our view. loha constitutes a dipole-
stabilized carbanidf in which the large local dipole provided
by the $—BH3;~ bond exerts the same type of Coulombic
stabilization of the negative charge localized at the,Cétoup

as does the S-O~ bond dipole in deprotonated DMSO. We
note the additional qualification proposed by Streitwieser and
co-workeré5 that the net affect in DMSO also includes a
significant term from electrostatic destabilization of the neutral
acid, in addition to stabilization of the conjugate base anion.

(55) Assuming comparable CID cross sections, the relative intensities
of the CID fragment ions that are common to bd#nand 1b suggest that
the amount oflb formed with 1a cannot be significant<3%.

(56) (a) Gilheany, D. GChem. Re. 1994 94, 1339. (b) Boche, G.;
Lohrenz, J. C. W.; Cioslowski, J.; Koch, W. Tthe Chemistry of Sulphur-
Containing Functional Group¥atai, S., Rappaport, Z., Eds.; Wiley: New
York, 1993; Chapter 7. (c) Dobado, J. A.; Marz-Garca, M.; Molina, J.
M.; Sundberg, M. RJ. Am. Chem. S0d.998 120, 8461.

(57) (a) Wolfe, S.; Lajohn, L. A.; Bernardi, F.; Mangani, A.; Tonachini.
Tetrahedron Lett1983 24, 3789. (b) Wolfe, S.; Stolow, A.; Lajohn, L. A.
Tetrahedron Lett1983 24, 4071.

(58) Wolfe, S. InOrganic Sulfur ChemistpyBernardi, F., Csizmadia, |.
G., Mangini, A., Eds.; Elsevier: New York, 1985; Chapter 3.

between the negatively charged BHand CH~ groups in ion

la is about 3 A, which would correspond to a Coulomb
repulsion energy of approximately 112 kcal/mol for unit negative
charges and unit dielectric constant.

The acidity enhancements that accompany borane coordina-
tion of Me;S, M&N, and MeP in the gas phase are likely to be
significantly attenuated in solution due to differential solvation
of the complexed vs uncomplexed ions and neutral acids.
Ignoring obviously important issues such as the nature of the
counterion and differential ion-pairing effects for the moment,
one would expect thélifferencein solvation free energies of
the uncomplexed species (i.e., deand MeSCH") to be
greater than thalifferencein solvation free energies of the
complexed species (i.€l,and 1a), mainly due to the smaller
intermolecular ior-solvent electrostatic term fdra compared
to MeSCH~. This would translate directly into a reduction in

(59) Beak, P.; Reitz, D. BChem. Re. 1978 78, 275.

(60) The difference between the computed balance of electron affinity
and bond energy terms given by the two models suggests that CBS-4
exaggerates the instability of the borane-complexed radical. This probably
arises from of the low-level (HF/3-21G*) used by this method for the
geometry optimizations.

(61) Patrick, J. S.; Yang, S. S.; Cooks, R..GAmM. Chem. Sod 996
118 231. A slightly higher value for the acidity of betaine was reported by
Williams and co-workers: Price, W. D.; Jockusch, R. A.; Williams, E. R.,
J. Am. Chem. S0d.998 120, 3474.
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the acidity enhancements in taking the Lewis adidse heteroatoms. A thermochemical decomposition of the acidity
complexes from the gas phase to solution. Partial support for changes in terms of electron affinities and homolytic bond
this expectation is obtained from the results of a simple solvent energies shows that large increases in the electron binding
continuum (SCRP¥ calculation of the relative acidities df energies of the carbanions accompany borane coordination to
and MeS. At the MP2(full)/6-31G(d,p) level, the computed the adjacent heteroatoms. This is due to electrostatic stabiliza-
24.5 kcal/mol gas-phase acidity enhancement accompanyingtion of the negatively charged GH group in the ions by the
BH3 coordination of MeS drops by 3.84.5 kcal/mol with dipolar Lewis acid-base bond. Ab initio theoretical models
inclusion of a solvent continuum in the calculation correspond- are in good accord with the experimental results, and they
ing to dielectric constants of #B0. More sophisticated provide a detailed picture of the electrostatic interactions leading
treatment® such as Monte Carlo type simulations of the acidity to the acidity enhancements. The kinetic stability of the dipole-
and solvation energy changes for the compounds examined instabilized carbaniofia with respect to isomerization to either
the present study would be most instructive. of the more stable borate ion isomdisor 1cis shown by the

In addition to enhancing.-CH acidity, borane coordination  calculations to be due to relatively high barriers {28 kcal/
increases the reactivity of the alkyl groups appended to the mol) for both [1,2]-BH and [1,2]-CH shifts. In addition to
n-donor atom toward nucleophilic substitution and elimination. increasinga-CH acidity, borane coordination also labilizes the
A thermodynamic explanation suffices. Coordination of a Lewis heteroatorralkyl bonds in alkyl sulfides, amines, phosphines,
acid to an n-donor atom in a molecule necessarily decreasesand ethers. This leads to enhanced reactivity of the alkyl groups
the heterolytic bond dissociation energies of attached alkyl toward nucleophilic attack ang-elimination reactions.
groups, thereby facilitating their cleavage. For example, the Inthe Introduction, we began by citing the aldol condensation
S—C heterolytic bond energy of M8 (methyl cation affinity as an example of a familiar reaction in which Lewis acid
of MeS") is 257 kcal/moPé while G2(MP2) calculations give  catalysts must be exerting a large influence on the acidities of
a S-C heterolytic bond energy for borandimethyl sulfide the substrates, in this case aldehydes and ketones. It is readily
complexl (methyl cation affinity of MeSBH") that is 26 kcal/ predicted that the acidity changes attending borane complexation
mol smaller (231 kcal/mol). The difference results from the of an aldehyde or ketone will be even greater than the already
much stronger SB bond in MeSBH~ compared to that in large effects on n-donor alkyls demonstrated in this work. This
Me,SBHs. Therefore, any nucleophilic displacement at a methyl is because deprotonation of an aldehytierane complex will
group in1 will be associated with a 26 kcal/mol larger enthalpy result in substantial intramolecular charge transfer to form a
decrease compared to that for uncomplexed3d-or instance, borate ion with a significantly stronger-BD bond, while for
displacement of MeF from M& by F is near-thermoneutral  the n-donor alkyl complexes, the carbanion stabilization arises

(AH = —2 kcal/mof9) and is not observed, presumably due to from weaker intramolecular ieadipole interactions:

a substantial energy barrier, while reaction 8 is strongly BX _

exothermic AH = —28 kcal/mol) and readily occurs under the u o o 8%

conditions of our experiments. The same interpretation serves |l -H* <. |

for g-eliminations: the endothermic eliminations of &+CH, o I N - /C:C\

from EtN and ExO by NH,~ and F are made exothermic and

observable by borane coordination to the heteroatoms. Measurements of the gas-phase acidities of borane complexes
of simple aldehydes and ketones are currently in progress in

Conclusion our laboratory that confirm this expectatiéhThe preliminary

o ) results indicate acidity enhancements for boraaldehyde
We have shown that coordination of simple n-donor mol- ¢omplexes that are more than twice as large as those measured

ecules by BHand BF; produces large changes in the gas-phase for the horane complexes examined in the present study.
acidities and reactivity of the pendant alkyl groups. Deproto-
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produces stablex-carbanions that do not rearrange to the Science Foundation.
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