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Abstract

The reactivity of (CHCOOY),H* (n = 1, 2) and (CHCOOY)CH,CO" ions [Y = CH,, C,Hg, SC;H5, (R)-sC,Hg,
(9)-sC,H,, and ¢ac)-sC,H,] toward chiral and achiral tributylborates has been measured by Fourier transform ion cyclotron
resonance mass spectrometry. Proton transfer between monomeric iogOM)H" and (§,S,9)-tri-secbutylborate
competes with nucleophilic addition of the borate to the CO center of the ion followed by elimination of either a butanol
molecule or the mixed borate. A similar reaction network is observed for dimeric iongdC8Y),H™, although the presence
of a spectator CECOOY molecule in the relevant encounter complexes modifies substantially the evolution kinetics as well
as the product pattern. Acetyl group transfer from (CBOY)CH,CO" to the borate preludes to an intracomplex
CH,COOY-induced elimination reaction. Enantiodifferentiation betwd®a(CH,COOsBu)H* and (S)-(CH,COOsBu)H" is
achieved by comparing their reactivity towar@&$,S)-tri-secbutylborate. (Int J Mass Spectrom 199 (2000) 211-219) © 2000

Elsevier Science B.V.
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1. Introduction

Enantiomeric discrimination in living systems nor-

tion is nowadays devoted to gas-phase techniques [4],
including mass spectrometry [5]. In fact, these tech-
nigues allow evaluation of the intrinsic interactions in

mally proceeds through the preliminary aggregation diastereomeric aggregates by eliminating the leveling

of an enantiomeric pair with a chiral selector to give
two diastereomeric molecular complexes of different
stability and reactivity. Although traditional methods,
such as calorimetry [1], colorimetry [2], and spectros-
copy [3], proved very useful in the study of enantio-

selective intermolecular interactions, increasing atten-

* Corresponding author. E-mail: speranza@axrma.uniromal.it
Dedicated to Professor HerEdouard Audier on the occasion
of his 60th birthday.

effect of the solvent.

Enantiomeric discrimination in mass spectrometry
is normally based on the relative stability and frag-
mentation of diastereomeric ion/molecule complexes,
but rarely on their different reaction kinetics. This first
preliminary study, carried out by Fourier transform
ion cyclotron resonance (FTICR) mass spectrometry,
is aimed at ascertaining whether reactivity can be used
as a probe for discriminating optically active ions
containing a single chiral center. To this purpose, we
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CH,CO0Y (CH;COOY)H* (CH,;COOY)CH,;CO* (CH,COO0Y),H*
(m) (@) (d)
Y =CHj; 1 my
Y = C,H; 2 my d;
Y =sC;3H5 3 m; a; d;
Y= (R)-SC4H9 4 my ay dy
Y = (S)-SC4H9 5 ms as d5
Y = (rac)-sC4Ho 6 mg agb d6D
Y = (rac)-CH;CDCH,CH; 6 mg ag dy
CH; H HH
| |
B B
v&_ o o W’ o o
\\\‘ (S) \\‘\
H 7o CH, H ~H
CH;, H H /H\/H
7 8
Chart 1.

selected the chiral§S,S)-tri-secbutylborate7 and
the achiral trin-butylborate 8 and measured their
reactivity toward a number of acetate ionsa-d,
including those arising from the chiral acetates
(Chart 1). Choice of7, as the chiral selector, was
determined by its relatively short B-O bond length
(1.36 A) and the cooperative effect of the three
sechutyl groups which are expected to magnify the
difference in stability and reactivity of the diastereo-
isomeric adducts between and the chiral acetate
ions.

2. Experimental

Acetatesl-3 and 6, as well as trin-butylborate8
were purchased from Aldrich Chemical Co. and were
purified by preparative gas chromatography (glc)
before the use R)-CH;COOsBu 4, (S)-CH;COGsBu
5, and §,S,5)-tri-secbutylborate7 were synthesized
from the corresponding chiral 2-butanol (99%, Al-
drich Chemical Co.) according to established proce-
dures [6,7]. After careful glc purification, the enan-
timeric purity of the chiral esters was checked on a

MEGADEX 5 (30% dimethylpenty3-cyclodextrin
on OV 1701) fused silica column, operated at tem-
peratures ranging from 40 to 100 °C, 3 °C minThe
same procedure was used to prepare and purify the
racemate of 2-D-2-butyl acetaté&") from 2-D-2-
butanol. This latter molecule was synthesized by
NaBD, reduction of butanone in anhydrous THF.
The Fourier transform ion cyclotron resonance
(FTICR) experiments were carried out at room tem-
perature in a Bruker Spectrospin APEX TM 47e
spectrometer equipped with an external ion source
and a resonance cell (“infinity cell”) situated between
the poles of a superconducting magnet (4.7 T). The
external source of the instrument, operating in the
chemical ionization (CI) configuration, was fed with
the acetate4—6 at nominal pressures ranging around
2 X 10°° Torr and ionized with 45 eV electrons.
Under these conditions, the primary fragments gener-
ated in the plasma rapidly react with their neutral
precursor to produce high intensities of iansAll of
them, butm,, are accompanied by the corresponding
dimers d and by the acetylated adducts The
intensity of these species is adequate for a kinetic

Chrompack 9002 gas chromatograph equipped with a investigation, except in the caseaf which is barely

flame ionization detector on a 25 m long, 0.25 mm i.d.

detectable under the experimental condition em-
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(sBuO),BOC(CH,)OY* ()

((sBuO),B)H* «an
(CH,COOY)H* ks *
(m) (sBu0),BOH,* (077}

k
(CH,COOsBu)H* —%= (sBu0),BOC(CH,)OsBu*
012) 9}
k k,
(CH,COOY)CH;CO* —%- (CH,COOY)H* — etc.
(@) (m)

(CH,COOY)((sBuO),B)H* (V)
kID A
(CH,COOY),H* (sBu0),BOC(CH,)0Y*  (I) i (CH,COOsBu),H* i

(d)

k
(CH,COOY)(CH,COOsBu)H* % (sBu0),BOC(CH,)OsBu* )

) ky
(CH;COOsBu)((sBuO);B)H* (IX)

Scheme 1.

ployed. Once formed, the ions were transferred into sponding ion abundances on the reaction time. A
the resonance cell by a systems of potentials and typical case is illustrated in Fig. 1, concerning the
lenses and quenched by collisions with methane reaction of dimeric iorl; with borate7. Best fit of the
pulsed into the cell through a magnetic valve. The experimental points is represented by the solid lines,
desired ion amongn-a-d was then isolated from the  which obey the relevant reaction network of Scheme
others by using “single-shots” ejection techniques and 1 with the following first-order rate constants (in’s:
allowed to react with boraté or 8, presentin the cell  ky = 0.020; k, = 0.001; kg = 0.004; kg =
at the fixed pressure of 2,8 10 8 Torr [8]. 0.015; k;, = 0.010 (neither VI — | conversion
(ky0), nor formation ofVIll (k,,) andIX (k;5) from

3. Results and discussion

100

The FTICR ion patterns from the attack of ions & 80
m-a-d on chiral borat& are reported in Scheme 1. All qg’
steps of Scheme 1 involve a reactive collision be- § 601
tween structurally undefined acetate ions with the 2 40
neutral borate. In all cases, formation of the ionic s
products is accompanied by release of neutral frag- 2 201
ments, which cannot be detected with the experimen- 0 , : . . . .
tal method used. Thus, the formulas reported in 0 10 20 30 40 50 60 70
Scheme 1 are purely indicative of the most probable time (s)
species and no structural significance should be at-
tached to them. Fig. 1. Time dependence of the relative abundance of the ionic

. species from attack of (C}£OCsC;H,),H™ d; (open circles) on
The reaction networks of Scheme 1 were deter- (g g g.tri-sesbutylborate7: VI (full circles): | (full diamonds):

mined by analysis of the dependence of the corre- vil (open diamonds)y (triangles).
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Phenomenological rate constanks,f X 10'° cm® molecule™* s™*) and efficiencies (eff= k,,dK.on) (in parentheses) of the reactions of

ions m with tri-s-butyl borate7 (Scheme 1)

lon Km ky ks ks K4 Keon Footnotes
m, 4.14 (0.30) ... 1.84 (0.13) 2.30 (0.17) .. 13.93 b

m, 5.58 (0.43) 0.50 (0.04) 2.79 (0.21) 1.68 (0.13) 0.61 (0.05) 13.07 c

ms 4.48 (0.36) 1.84 (0.15) 1.48 (0.12) 0.85 (0.07) 0.31 (0.02) 12.42 d

m, 4.89 (0.41) 3.47 (0.29) 1.42 (0.12) o . 11.89

ms 6.26 (0.52) 3.95(0.33) 2.31(0.19) 11.89

Mg 5.12 (0.43) 3.81(0.32) 1.31(0.11) 11.89

aThe bars denote rate constants below the detection limit 6f10~ 3 cm® molecule * s 2.

Pky = 1.84 X 10° cm® molecule* s
°k, (X10%° cm® molecule* s™%) = 2.21 (0 = 5), 1.39 O = 6).
9k, (X10'° cn® molecule * s7Y) = 2.21 (0 = 5), 0.77 f = 6).

VIl were observed). Further support for the specific

1

All ions m are able to protonafé(k,), although with

reaction sequences of Scheme 1 arises from multiplea limited efficiency. Protonation of may induce

resonance experiments, involving isolation of the ion
of interest, e.g.VIl, by applying the appropriate
frequency window to remove all the undesired ions
from the cell and analysis of its progeny, i\é, after

a suitable reaction time.

The first-order rate constants of the individual
steps of Scheme 1 were used to derive the corre-
sponding second-order valuek,(), reported in
Tables 1-3. The relevant reaction efficiencies (eff)
are calculated from the ratio between the experi-
mental k,,c and the relevant collisionk(,,) rate
constant, estimated according to the trajectory cal-
culation method [9].

3.1. Reactions of (CK(COOQY)H" ions (m) and
(CH,COOQY)CHCO" ions (@)

Analysis of Table 1 reveals no direct correlation
between the overall reactivityk(,) of the selected
ionsm toward borat& and the nature of the group Y.

Table 2

Phenomenological rate constants1Q'° cm® molecule * s™?)

and efficiencies (eff= k,pdKeon) (in parentheses) of the reactions
between ions and tris-butyl borate7 (Scheme 1)

Reaction Ky Keon

a, 3.87 (0.35) 11.11
a, 4.44 (0.41) 10.80
a 5.37 (0.50) 10.80
ag 5.35 (0.49) 10.80

partial fragmentation of the relevant intermediate into
[l and a butene molecul&kd), to an extent which
increases with the exothermicity of the process, i.e. in
the ordersC,Hg < sC3H; < C,Hg < CHg; [10]. In
turn, ionslll transfer a proton to another molecule of
7 yielding stablell (ks).

Besides protonation, ions1 react with borate7
producing I (k;) and IV (k,) with a combined
efficiency increasing in the order: GH< C,Hg <
sC;H, < sC,Hg. Formation of these products requires
the addition of the borate to the CO center rof
yielding the tetrahedral intermediat¥s These latter
may undergo extensive rearrangements followed by
the extrusion of either a molecule of butan¥l{ XI
— |; path (i) of Scheme 2] [11] or the mixed borate
(sBuO)LBOY [X — XIl — 1V ; path (ii) of Scheme 2]
[12]. Both processes are clearly detectable with
andmj, as the reactants.

Of crucial importance for this study it is to check
whether path (ii) of Scheme 2 is accessible to proto-
natedsecbutyl acetates as well. In fact, the resonant
interconversionX < Xl would lead to extensive
scrambling among theecbutoxy groups and, thus,
rapid loss of their chiral identity. Verification of this
possibility requires the use of labeledf. The rele
vant product pattern is characterized by the formation
of I, retaining the deuterium signature, and of unla-
beledll . No signs of formation of unlabeldd from
mg have been acknowledged. These findings indicate
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Table 3

Phenomenological rate constants10*® cm® molecule * s7%) and efficiencies (eff=k ,dk.on) (in parentheses) of the reactions between
ionsd and tris-butyl borate7 (Scheme 1)

lon Ky k, [ kg Keon Footnotes
d, 0.39 (0.037) 0.09 (0.009) ce 0.3 (0.028) 10.47 b

dg 0.21 (0.021) 0.01 (0.001) 0.04 (0.004) 0.16 (0.016) 10.06 c

d, 0.07 (0.007) 0.03 (0.003) 0.04 (0.004) e 9.73 d

ds 0.08 (0.008) 0.03 (0.003) 0.05 (0.005) 9.73 e

de 0.08 (0.008) 0.03 (0.003) 0.05 (0.005) 9.73 f

2 See footnote a of Table 1.
Pkyo = 0.02 s% k, (X10*° cm® molecule* s7Y) = 0.10 (0 = 11), 0.29 6 = 12),n = 0.05 (1 = 13).
CKio < 1074574 Ky, (X210 cm® molecule * s7%) = 0.06.

9k,o = 0.04 5L
€k = 0.05 s%.
fkio=10.04s1

that path (i) of Scheme 2 (¥ sBu) largely super- Scheme 2 with Y= sC;H, leads to the exclusive
sedes the competing transesterification (ii) and that, formation of IV, and not to $§BuO),BO(H)Y . This
therefore, no scrambling of the chirgecbutoxy observation, coupled with the formation of fair
moieties takes place in the reaction between chiral amounts ofll from mg (Table 1), implies necessarily
m,-mg and 7. This conclusion lines up with the that the PA of secbutyl acetate exceeds that of
marked increase of thie,/k, ratio in going fromm, (sBuO),BOsC;H, and is close to that ofsBuO);B
(ki/k, = 0.8) tomg (ky/k, = 5.9) (Table 1). The [10].
same conclusions are reached withrtfputylborate Particularly intriguing is the exclusive formation of
8, as the substrate. In this cade, (x10*° cm® m (Y = sC;H, andsC,Hy) from attack of the corre
molecule* s %) = 0.81 (eff= 0.07) (h = 1); 2.4 sponding ionsa on borates7 and 8 (Scheme 1 and
(eff = 0.20) (h = 2); <0.001 = 3 and 4). De- Table 2). Indeed, wittaZ, the reactions lead to the
crease of the efficiency of path (i) of Scheme 2 in formation of bothmg and mg, in approximately
passing fron¥ to 8 (Table 1) is explanable in terms of constant proportions, i.emg (~70%) and mg
the lower migratory aptitude of the-butyl versus the (~30%). This isotopomeric distribution closely
secbutyl group. matches that expected from complete interchange of
Incidentally, it should be noted that path (i) of the butyl groups in the/borate adduct and is there-

[ sBuO. _OsBu] BuO OsB
Ny sbu Ny sBu
(i) (|) - - |+
o)
SBUO OsBu SBU 4 | - sBUOH
: N /o-g—C-OY CH,-C-OY
+(sBuO)B | [, \@ H (I:H (0]
. L 3
CH oy —_— sBu-O —
(m) Ho-cl-ov ( sBuO /OsBu
i B
CH, (ii) sBuO . —— > (CH,COOsBu)H*
HO—é 1oy -(sBuO),BOY (11
1]
H3 -

Scheme 2.

etc.



216 A. Filippi, M. Speranza/International Journal of Mass Spectrometry 199 (2000) 211-219

BuO OsBu
sBu S

OsBu* CH, CH,C=0 . *
CH,-C=0 -Gt —— SBUO+ OsBu = |+ 3 CHa'ﬁ'OSBU
e + (sBuO),B B ) _ aod
D CH,-C-OsBu CH,C
(@) OsBu (lg H,
n - C4H, ¢ ~(sBu0),BOCOCH,
e N (CH,CO0sBuYH (m,P) —= etc.
|
CH;-C-OsBu*
sBuO— E—OsBu
CHGC-(')sBu
= BuO OsBu
CH,C=0 sBUO_
sBu*o"\ /OsBu +(|) oCHs CHs_ﬁ-osBu
|B CH,-C-OsBu CHac/ \i/kH----o
OsBu |O| || H,
o]

-C,H,D ¢-(sBuO)2BOCOCH3
CH,CO* shifts (CH,CO0sBu)H™ (mg) — etc.
T -C,H, }-(sBuO)(sBurO)BOCOCH,

CH,C=0 sBu'0,  OsBu
+
SBU*O OsBu CH, CH,-C-OsBu
\B — +C|) 3 3 ”
CH,-C-OsBu cHe” g H----0
OsBu o) g 3
Scheme 3.

fore inconsistent with the simple hypothesis of the Although the unfavorable thermochemistry pre-
collision induced decomposition afto m and ketenein  vents formation of the protonated bordte from d
the FTICR cell. A plausible rationale of all the experi- [13], the observed product pattern is found to parallel
mental evidence is provided by the elimination pattern that of the corresponding monomens with the only

shown in Scheme 3u* = CH;CDCH,CH,). difference that the corresponding reaction intermedi-
ates contain an additional GBHOOY molecule
3.2. Reactions of (CK&COOY}H" ions () (Scheme 4). Formal extrusion of a butanol molecule

and of the spectator acetate from addudig leads to
Dimersd exhibit an overall reactivity towards borate the formation of ionl [path (i) of Scheme 4]Kg in
7 which is several orders of magnitude lower than that of Table 3), whereas formal loss of &BuO),BOY
the corresponding monomaers and which increases in ~ molecule fromXV yields ionVIl [path (ii) of Scheme
the order:sC,Hg < SC3H, < C,Hs (ky in Table 3). 4] (kg in Table 3).
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[ sBuO\B/OsBu SBUO\B/OSBU
0) | CH,COOY| - sBuOH (|)+
—— o) - s
sBu s 4 | -CH,COOY gov
] = -
CH,-C-OY sBuO\B/OsBu H/O—:—?-OY 3
+ .
OH----0 i) | L\ - CHs )
_ = sBu-O — X7
+ (sBuO),B [ X1)
CH,-C-0Y HO-C-0Y r
@ | chH,cooy sBuOy __OsBu CH,-C-OY
CH, sBuO B (v) +
+ — OH----O —etc.
(XIIT) o Ho-é—i—m( - (sBuO),BOY
) + (sBuO),;B CH,COOY H, CH,-C-OBu
- CH,CO0Y L
X7) 1)
(vi) ¢ - CH,CO0Y
sBuO\ /OsBu sBuO\ /OsBu
B B
|+ + |
O----HOsBu OH----0Y
CHg-C-0Y CH,-C-OBu
Scheme 4.

Two different mechanisms for the, path leading
to VI can be considered. One involves elimination of
the spectator CECOOY molecule fromXV with
formation of the (CHCOGsBu)[(sBuO),BOY]H™

and that of their monomeric analogsapplies also as
to the dependence of the (i) versus (ii) branching ratio
upon the nature of the Y group. As fan, the
efficiency of path (i) increases in the ordegHz <

product [path (vi) of Scheme 4]. The other proceeds sC;H, < sC,H, and that of the competing path (ii)

through a simple §BuO);B-to-CH,COQY ligand
displacement in d, yielding the (CHCOOY)
[(SBuO)BJH™" isobar [path (iv) of Scheme 4].

increases in the opposite order.

3.3. Chiral systems

Clearcut discrimination between these mechanistic

hypotheses is inaccessible, except perhaps in the The results reported in Table 1 point to some
reaction of7 with m5. In this case, produc¥l from differences in both the overall reactivity of chiral

pathk; is found to contain only one deuterium atom, m,—mg toward 7 and the relative extent of the

in agreement with the ligand displacement (iv). No competing addition K;) and protonation pathways

uptake of two deuteriums was observed in the prod- (k,) of Scheme 1. Fig. 8lustrates these differences,

uct, as one would expect froXV if equally releasing
either CHCOGOsBu or CH,;COOY [path (vi); Y =
sBu*]. This means that the transesterification path (ii)
of Scheme 4 is inhibited to dimed (anddg), much
like it is the corresponding transesterification (ii) of
Scheme 2 to monomers, (andmg). This conclusion

is reinforced by the complete absence of the mono-

deuterated ioVIl among the reaction products from
d? (ko in Table 3).
The agreement between the behavior of dinters

observed in all runs and under circumstances exclud-
ing any mass effect on ion detection. It clearly
indicates that $,S,9)-tri-secbutylborate 7 reacts
more efficiently with the homochiral§j-ion mg than
with the heterochiral R)-ion m,. The reaction effi
ciency of the racemate, falls in between. A similar
picture is observed for the acetylated reactaats
(Table 2), whereas no pronounced reactivity differ-
ences are found for dimeds(Table 3). Evaluation of
the significance of these differences requires a careful
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Fig. 2. Comparison of the mass spectra showing tsBYQ),B)H" (m/z 231) and $BuO),BOC(CH,;)OsBu* (m/z 273) products obtained
from attack ofm, (R) (m/z 117) andng (S) (m/z 117) on ,S,9)-tri-secbutylborate7 (2.6 X 1078 torr) afte 3 s reaction time.

analysis of the precision of the kinetic results of ences between theRf-ion m, and the §)-ion mg
Tables 1 and 2 and an estimate of the attached extend also to the relative extent of the competing
uncertainty levels. The high precision of the kinetic addition ;) and protonation pathwaysky) of
measurements is demonstrated by the observation thatScheme 1 (Table 1). Thus, thHg/k, = 2.4 ratio,
the reaction efficiency of the homochiral pair, invari- measured for theR)-ion m,, decreases to 1.7 for the
ably exceeds that of the heterochiral one in all runs. (S)-ion mg (Table 1).

The standard deviation associated to the absolute rate  Although the sizable uncertainty of the FTICR
constants of Tables 1 and 2 is estimated as not kinetic measurements warns us from making of the
exceeding 15% and the combined uncertainty at- present results an outstanding example of chiral dis-
tached to their difference is computed as below 20%. crimination gas phase, it also drives us to search for
In this frame, the overall reactivitk(,) of the (R)-ion better conditions and more adequate chiral selectors
m, toward 7 cannot be considered as different from which would make the reactivity approach a reliable
that of racematang. Nevertheless, some reactivity tool for this important task.

difference just beyond the combined standard devia-

tions is observed between th&)¢ion m, and the

(9)-ion mg (Table 1). No similar conclusions can be Acknowledgements

derived from the experiments with chiralsince the

corresponding reactivity differences fall all within the Work supported by the Ministero dell’'Universiea
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