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Under chemical ionization (CI) conditions, cis and trans 1,2-indanediols mainly react with the NH3/NH4
+

system via a nucleophilic substitution process. In the CI source several mechanisms can occur yielding the
substituted [M + NH4–H2O]+ ions at m/z 150. Collisionally activated reaction (CAR) spectra provide
additional information concerning the structure of selected low kinetic energy species. These ion–molecule
reactions with methylamine are performed for [M + NH4–H2O]+ ions in the collision cell of a triple quadrupole
mass spectrometer. In this way, the nucleophilic substitution process is demonstrated to depend on the
stereochemistry of the indanediol precursor. Stereospecific SN2 and SNi pathways operate for the cis and trans
derivatives, respectively. Such competitive orientations are explained by considering hydrogen bonds and the
steric hindrance due to the homobenzylic group. © 1997 John Wiley & Sons, Ltd.
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Several investigations have been reported involving
ammonia chemical ionization (CI), and concerning the
production of the [M + NH4–H2O]+ ions (denoted as
MSH+ ) from hydroxylic compounds. Several reviews
have been published.1–3 Knowing the initial relative
configuration of functional groups borne by the epi-
meric compounds, structure determination of the prod-
uct ions throws light on the nucleophilic substitution
mechanism. This can be achieved by using tandem mass
spectrometry (MS/MS) experiments under collision-
induced dissociation (CID) conditions, since many
stereochemical effects have been described and ration-
alized in the literature.4 In particular, two nucleophilic
substitution processes mainly occur in the gas phase
(Eqn (1)). The SNi mechanism (Eqn 1(a)) corresponds
to direct water elimination from the adduct ion
(ROH + NH4)+ , proceeding with retention of ster-
eochemistry.5–9 The bimolecular SN2 reaction of NH3
with (ROH + NH4)+ (Eqn 1(b)), characterized by a
configuration inversion, is also envisaged10–15 to
occur.

Less frequently, the following stepwise pathway (Eqn
(2)) is implicated as a nucleophilic attachment via the
formation of carbonium R+ species:16,17

+ NH3

(ROH + NH4)+*®R+ + H2O + NH3®RNH3
+ SN1 (2)

This reaction, proposed to account for the racemiza-
tion of the product ion RNH3

+ , is considered as a ‘like
SN1’ mechanism.

The stereochemistry of the inserted –NH3
+ group in

the MSH+ ions can be determined by analysis of these
substituted species under collision processes, as noted
above. Indeed, CID spectra provide useful information
about the ion structures.6–9,13–15 This method allows one
to specify the nucleophilic substitution mechanism
operating in the high pressure source. The origin of the
substituted MSH+ ions prepared by ammonia CI from
epimeric 1,2-indanediols18 (or higher-membered-ring
homologues19) has been approached by using such a
methodology. In the bifunctional MSH+ ions thus
produced, the stereochemistry of the intact –OH group
in relation to the charged –NH3

+ group specifically
appeared trans, regardless of which diastereoisomer is
considered. This conclusion has been reached from: (i)
mass-analysed ion kinetic energy (MIKE)-CID spectra
and charge reversal spectra which displayed similar
fingerprints for MSH+ product ions and synthesized
standards, (ii) comparison of dependence of MSH+ ion
formation efficiency (i.e. measurement of the MSH+ /
[M + NH4]+ abundance ratios) upon ammonia pres-
sure, from both cis/trans epimers. Furthermore, the
nucleophilic substitution process has been shown to
take place regioselectively at the benzylic position.18,19

This was considered to result from the particular
polarizability of the benzylic C–O bond.18 Finally,
production of a common trans-protonated amino-
alcohol from both the cis and trans diols required that
the reaction proceeded via SN2 (Scheme 1a) and SNi
(Scheme 1b) pathways, respectively.

The present work concerns reactivity of the same
epimeric 1,2-indanediols (1c and 1t) towards methyla-
mine, CH3NH2. In this study, ion–molecule reactions
are induced from the selected substituted MSH+ ions in
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Table 1. Relative abundances of the [M+NH4]
+, MSH

+ and
[MSH–NH3]

+ ions displayed in the CI-NH3 mass
spectra of the epimeric 1,2-indanediols

epimer [MSH–NH3]
+ MSH

+ [M+NH4]
+

m/z 133 m/z 150 m/z 168

1c cis 40 80 100
1t trans 33 73 100

the collision cell of a tandem mass spectrometer. Their
respective structures are compared by investigation of
the dependence of the produced species on the
laboratory collision energy (ERMS: energy resolved
mass spectrometry20–26). Under these conditions, sev-
eral processes such as proton transfer, nucleophilic
reagent attachment, and dissociation, occur compet-
itively. However, stereochemical effects can be partic-
ularly analysed via collisionally activated reaction
(CAR) spectra,16,17,27,28 recorded from epimeric adduct
ions [1c + NH4]+ and [1t + NH4]+ .

EXPERIMENTAL

Mass spectrometric experiments were performed using
a triple quadrupole instrument (Nermag R30-10, Rueil
Malmaison, France). The samples (1 µL of a 1 µg/µL
solution) were introduced into a high pressure ion
source by using a direct desorption DCI probe without
heating the tungsten filament. Source operating condi-
tions were: electron energy 100 eV, emission current
100 µA, repeller 0 V. The low energy CID spectra of the
selected species were obtained with argon as target gas
(essentially single collision conditions, 2 ´ 10–3 torr) in
the collision cell. Ion–molecule reactions (CAR spec-
tra) were produced by introducing CH3NH2 (multiple
collision conditions, 2 ´ 10–2 torr or 7 ´ 10–3 torr) in the
RF-only quadrupole. The main factor which influences
the abundance of the product ions, is the methylamine
pressure in the collision cell. The potentials applied to
the lens seemed to be less critical. In order to optimise
the methylamine pressure, the following species:
CH3NH3

+ (m/z 32), (CH3NH3, NH3)+ (m/z 49) and
(CH3NH2)2H+ (m/z 63), prepared from the selected
N2H7

+ ion, are considered. When the ratios of their
abundances are maintained constant, the CAR spectra
are reproducible, even the low intensity peaks. The
eventual changes do not modify the observed trends,
particularly for the nucleophilic substitution generated
in the collision cell. Laboratory collision energy varied
from 4 eV to 15 eV. Each mass spectrum corresponds to
an average of fifty scans.

Cis and trans indanediols were synthesized according
to methods described in the literature.29

RESULTS AND DISCUSSION

Under ammonia CI conditions, protonated molecules

Scheme 1. (a) SN2 and (b) SNi mechanisms occurring from the cis and
trans indanediols, respectively.

Scheme 2. Simplified reaction coordinate-energy diagrams comparing
protonation and nucleophilic substitution processes. a = [M + NH4

+ ],
b = [(M + NH4)+ ], c = [MH+ + NH3], d = [MSH+ + H2O], e =
[(M + NH4)+ + NH3], f = [(H3N...MNH4)+ ], g = [(H3N,
H2O,MSH)+ ], h = [MSH+ + H2O + NH3].

Figure 1. Energy dependence of reactive collisions induced by
CH3NH2 with the selected MSH+ ions (m/z 150). PCH3NH2

= 2 ´ 10–2

torr, uncorrected value. (a) cis indane 1,2-diol 1c, (b) trans indane
1,2-diol 1t.

(a)

(b)
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are not detected from the epimeric 1c and 1t diols. The
adduct [M + NH4]+ ions constitute the major species
(Table 1).

The inefficiency of the proton transfer reaction from
ammonium ion to these analytes indicates that the
protonation process must be significantly endothermic.
This behaviour is consistent with the estimated proton
affinities of the diastereoisomeric diols as lower than
that of ammonia (see Appendix). Consequently, other
ion–molecule reactions can be favoured, such as nucle-
ophilic substitution processes, even if their tight transi-
tion state leads to an higher intrinsic barrier (Scheme
2).

In particular, the nucleophilic substitution reaction
yielding the MSH+ ions at m/z 150, isobaric with the
molecular M+• species, can be enhanced. In the
deuterated ammonia CI spectrum, the peak at m/z 150
is shifted to m/z 154 which is consistent with the loss of
D2O from the labelled adduct (Md2 + ND4)+ ions at
m/z 174. The [(MSH–NH3)+ /MSH+ ] abundance ratios
are very similar whatever the considered epimer may
be. This could be a first indication that a common
structure characterizes the substituted ions.

Stereochemistry of the substituted [1c + NH4–H2O]+

and [1t + NH4–H2O]+ species generated in the ion
source

The structures of these substituted ions are compared
in order to determine the nucleophilic substitution
mechanisms operating in the high pressure source. For
this purpose, ion–molecule reactions are induced in the
collision cell with methylamine used as reagent gas. This
investigation is performed from a beam of reactant ions
possessing a variable low kinetic energy (see Fig. 1).
These ERMS experiments should be useful for distin-
guishing very similar structures.22,30–34 In addition to
the dissociation producing the [MSH–NH3]+ ions at
m/z 133, different bimolecular processes are generated
under these low collision energy conditions (Eqn (3)).

Solvation of the protonated amine leading to
[MSH + NH2CH3]+ at m/z 181 is enhanced at the lowest
collision energies, as expected since this reaction is
exothermic in relation to the initial state (Eqn
3(a)).35,36 Under these multiple collision conditions, the
excited adduct ions [MSH + NH2CH3]+ * are relaxed by
near-thermal collision. At higher laboratory energies,
the latter solvated species are more and more vibra-
tionally excited so that they dissociate into protonated
methylamine [CH3NH3

+ ] at m/z 32 (Eqn 3(b)). This
pathway is estimated as slightly endothermic by 24 kJ/
mol from the initial state [MSH+ + CH3NH2] (see
Appendix and Scheme 3). Direct cleavage of the
substituted MSH+ precursor ion also occurs, producing
the m/z 133 carbonium ion.

SN2
RNH3

+ + CH3NH2T{RNH3
+ , CH3NH2}®RNH2CH3

+ + NH3 (4)x
m/z 150 m/z 164

It should be noted that the formation of RNH2CH3
+

at m/z 164 does not occur by nucleophilic substitution
(Eqn (4)) under these collisional conditions in spite of
the exothermicity of this process, estimated to be
44.7 kJ/mol (see Appendix and Scheme 3). This behav-
iour can be rationalized by considering that the
C–NH3

+ bond is insufficiently polarized. Consequently,
the nucleophilic CH3NH2 approach at the activated

Scheme 3. Competitive proton transfer reaction and nucleophilic
substitution processes for the system: i = [(RNH3

+ + CH3NH2].
j = [(RNH3 + CH3NH2)+ ], k = [RNH2 + CH3NH3

+ ], l =
[RNH2CH3

+ + NH3].

Figure 2. Energy dependence of reactive collisions induced by
CH3NH2 for the selected [M + NH4]+ species at m/z 168. PCH3NH2

=
7 ´ 10–3 torr, uncorrected value. (a) cis indane 1,2-diol 1c, (b) trans
indane 1,2-diol 1t.

(a)

(b)
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benzylic carbon atom is inefficient, since this C atom is
not sufficiently positively charged. On the other hand,
this implies that ammonia is not a good leaving group in
this context, as expected because of the relatively high
proton affinity of amines.37

No stereochemical effect was observed from the
substituted [1c + NH4–H2O]+ and [1t + NH4–H2O]+

ions. In particular, a similar efficiency characterizes the
production of the protonated methylamine. From
previous measurements, the proton affinities of cis
bifunctional epimers have been shown to be higher
than those of the trans isomers.38–40 Such proton
transfer reactions, from selected even-electron charged
molecular species of various substrates to neutral
reagents like methyl, di- and trimethylamines in a
quadrupole collision cell, have been already used to
provide information complementary to that obtained
under CI conditions.27 Ion–molecule reactions pro-
duced in a low-energy collision cell from a selected ion
allow assignment of a specific structure according to its
reactivity. Thus, several cis/trans protonated bifunc-
tional compounds have been distinguished in this way.36

Since the substituted [1c + NH4–H2O]+ and [1t + NH4–
H2O]+ ions are closely similar in their reactivities
towards the methylamine reagent, the relative ster-
eochemistries of the OH/NH3

+ groups may be con-
sidered as most probably identical. To provide such a
result, different mechanisms must operate for the two
epimers in the ion source. A previous study18 has shown
that the intramolecular nucleophilic substitution (i.e.
SNi) was significantly disadvantaged in the case of the
cis [1c + NH4]+ isomer, because of ammonium chela-
tion involving both neighbouring OH groups. Indeed,
this chelation hinders the formation of the four-centre
transition state. Consequently, the cis derivative prefer-
ably reacts via bimolecular nucleophilic substitution
(i.e. SN2). On the contrary, the steric effect due to the
homobenzylic group prevents this mechanism for the
trans compound, and the SNi pathway preferentially
occurs in the ion source.

Reactivity of the epimeric adduct [M + NH4]+ ions
towards methylamine in the collision cell

This section describes a comparison of nucleophilic
substitution processes yielding the substituted
[M + NH4–H2O]+ ions at m/z 150 and [M + CH3NH3–
H2O]+ ions at m/z 164 in the collision cell, particularly
the effects of collision energy. Reactive collisions of
selected [M + NH4]+ ions with CH3NH2 in the collision
cell should allow distinction between the cis/trans
epimeric structures (Fig. 2).

Unfortunately, methylamine as reagent gas mainly
produces proton transfer from the adduct ions, and the
nucleophilic substitution pathways occur at lower
efficiencies. However, competitive bimolecular and
intramolecular nucleophilic substitution processes give
rise to formation of the substituted [M + CH3NH3–
H2O]+ ions (denoted as M'SH+ ) at m/z 164, and to
[M + NH4–H2O]+ species (MSH+ ) at m/z 150, respec-
tively. The production of M'SH+ ions (m/z 164) directly
via SNi reaction from the adduct [M + CH3NH3]+ ions
at m/z 182 has been ruled out. Such solvated species
prepared under methylamine CI conditions, and sub-
jected to CID (ELab = 10 eV, argon) lead to CH3NH3

+

rather than to [M + CH3NH3–H2O]+ , which was not
detected even at lower collision energies. Such an
unfavourable tendency for SNi reactions can be
explained by considering that the tight transition state
(low frequency factor) constitutes the ‘bottleneck’ of
the SNi reaction. This contrasts with the loose transition

Scheme 4. Formation of the substituted M'SH+ ions (m/z 164).

Figure 3. Energy dependence of the abundances of minor product
ions produced by reactive collisions of the selected [M + NH4]+ ions
at m/z 168 with CH3NH2. PCH3NH2

= 7 ´ 10–3 torr, uncorrected value.
(a) cis indane 1,2-diol 1c, (b) trans indane 1,2-diol 1t.

(a)

(b)
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state (higher frequency factor), which is close in
structure to the final state, yielding CH3NH3

+ by
hydrogen-bond cleavage. An analogous competition
has been described41 in order to explain the decomposi-
tions of ammonia adduct ions generated from norbor-
nyl acetates. Formation of NH4

+ was preferred41 to the
production of [M + NH4–CH3CO2H]+ ions from such
solvated species. All of this discussion suggests that the
[M + CH3NH3–H2O]+ ions must be exclusively pro-
duced via the SN2 pathway from [M + NH4]+ rather
than via SNi from [M + CH3NH3]+ (Scheme 4). Fur-
thermore, the total disappearance of M'SH+ (m/z 164)
at collision energies above 12 eV confirms the bimo-
lecular character of its formation, in contrast to the
substituted MSH+ ion at m/z 150 which is still produced
by the SNi process (CID pathway) from [M + NH4]+

(Fig. 3).
On the other hand, the difference of reactivity

between RNH3
+ and [ROH + NH4]+ illustrates the

lower polarity of the benzylic C–NH3
+ bond in relation

to the (C–OH···H+ ···NH3) grouping, since only the
latter form leads to bimolecular nucleophilic
substitution.

The influence of proton affinities, on the efficiency of
proton transfer processes from the adduct [M + NH4]+

ions, will now be considered. At low collision energy,
the NH3/CH3NH2 exchange reaction is very efficient in
the [M + NH4]+ /CH3NH2 system, yielding the solvated
[M + CH3NH3]+ species at m/z 182. The abundance of
the latter species sharply decreases at higher laboratory
energies, since the dissociation of this hydrogen-bonded
cluster ion is thereby enhanced. Above 6 eV, proto-
nated methylamine constitutes the major CID product
ion. Under these experimental conditions, neither of
the abundant [M + CH3NH3]+ ions (m/z 182) or
CH3NH3

+ (m/z 32) is influenced by the cis/trans
stereochemistry. In order to differentiate the
[1c + NH4]+ and [1t + NH4]+ epimers, the minor prod-
uct ions (less than 15% of TIC) must be considered.
(Fig. 3). In spite of the low abundances of these ions,
the reproducibility is sufficient to confirm the ion–
molecule reaction dependence upon the
stereochemistry.

Protonated methylamine is produced with the same
efficiency whatever the initial stereochemistry, in con-
trast to the (CH3NH2)2H+ proton-bound dimer at m/z
63. Under these multiple collision conditions, a favour-
able M/CH3NH2 exchange leads to (CH3NH2)2H+ ,
more stable than the mixed dimer, i.e. [M + CH3NH3]+ .
In general, the more similar the proton affinity (PA)
values of the neutral constituents of proton-bound
dimers, the more stable is the complex.42 Knowing that
PA(CH3NH2) > PA(1c) > PA(1t) (see Appendix), the
adduct [1c + CH3NH3]+ ion is expected to be more
stable than [1t + CH3NH3]+ , and the (CH3NH2)2H+

dimer should be produced more abundantly from the
trans derivative, as observed.

Stereochemical effects on the SNi/SN2 orientation
were indeed observed. Below 10 eV, the two nucleo-
philic substitution mechanisms occur competitively.
From the selected [1c + NH4]+ ion, the SN2 process
(formation of M'SH+ at m/z 164) is more favoured than
the SNi pathway (production of MSH+ at m/z 150), in
relation to the situation observed for the epimeric
[1t + NH4]+ species. Indeed, the [1t + CH3NH3–H2O]+

and [1t + NH4–H2O]+ ions are generated in almost
equal abundances at these collision energies, which
suggests that the SN2/SNi competition is less specific
from the trans isomer. From the cis derivative, the SN2
process occurs without steric interaction with the
homobenzylic hydroxylic group, since CH3NH2
approaches on the opposite ring side. Alternatively, the
SNi process via a four-centre transition state from the
[1c + NH4]+ species must be hindered by the ammo-
nium ion chelation. In contrast, the homobenzylic OH
group in the trans 1t epimer provides steric hindrance
for the methylamine attack at the activated site. Thus,
the SN2 intrinsic barrier is higher, and formation of the
substituted [1t + CH3NH3–H2O]+ ion is disadvantaged.
Under CI conditions, a similar preference has been
observed, and presumably the foregoing discussion can
also be applied to reaction conditions in the CI
source.

CONCLUSION

The present work deals with the reactivity of cis/trans
indane diols towards the NH3/NH4

+ system. In the high
pressure source, SNi and SN2 pathways occur from
[1t + NH4]+ and [1c + NH4]+ ions, respectively. Indeed,
the substituted MSH+ ions, [1t + NH4–H2O]+ and
[1c + NH4–H2O]+ , have a common structure independ-
ent of the initial stereochemistry. This conclusion is
supported by the similar trends of the reactive colli-
sions with methylamine in the RF-only quadrupole.
Such behaviour was expected from previous results.18

On the other hand, the adduct [M + NH4]+ ions react
with CH3NH2 via a nucleophilic substitution process in
the collision cell, in contrast with the substituted MSH+

species. Water is a better leaving group than ammonia
in the present context. Furthermore, the reactivity of
the adduct ions depends on the initial stereochemistry
of the diol. If the SN2 pathway is favoured over SNi in
the collision cell for [1c + NH4]+ , the reverse orienta-
tion characterizes [1t + NH4]+ . This distinction has been
demonstrated despite the high efficiency observed for
the competing proton transfer to methylamine.
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APPENDIX: ESTIMATES OF
THERMOCHEMICAL VALUES

The proton affinity (PA) values of epimeric indanediols
were estimated as follows,

(i) The PA of trans cyclopentanediol43 (822.6 kJ/mol)
is higher by 24.6 kJ/mol than that of n-propanol44

(798 kJ/mol). Supposing that a similar increment can be
used in order to estimate PA(1t) from that of benzylic
alcohol44 (789 kJ/mol), PA(1t) can be considered to be
approximately 813.6 kJ/mol.

(ii) A PA increase of 16.3 kJ/mol characterizes cis
cyclopentanediol in relation to trans cyclopentane-
diol.43 Then, the cis indanediol has a PA(1c) of about
829.9 kJ/mol (i.e. 813.6 + 16.3 kJ/mol).

The heats of formation and PA values found in the
literature44 are: ÆH°f(CH3NH2) = –23 kJ/mol,
ÆH°f(CH3NH3

+ ) = 611 kJ/mol, ÆH°f(H+ ) = 1530 kJ/
mol, ÆH°f(NH3) = –45.9 kJ/mol, PA(NH3) = 854 kJ/
mol and PA(CH3NH2) = 896 kJ/mol.

The heats of formation for the trans amino alcohol
and the methyl amino alcohol are determined from
Benson’s method as ÆH°f(RNH2) = –84.6 kJ/mol and
ÆH°f(RNHCH3) = –82.4 kJ/mol.

For trans â-amino alcohols (with 120° < U(CO–
CN) < 180°), such as twistane, cyclohexane and bicy-
clooctane, the PA values do not depend on the
polycyclic compound.39 Thus, the PA is taken as 920 kJ/
mol for the trans amino indanol, and ÆH°f(RNH3

+ ) is
estimated as ÆH°f(RNH2) + ÆH°f(H+ )–PA(RNH2) =
–84.6 + 1530–920, i.e. 525.4 kJ/mol.

A difference4 of 24 kJ/mol between the primary and
secondary amines, [PA(H2NCH2CH2NH2) = 923 kJ/
mol, PA(H2NCH2CH2NHCH3) = 947 kJ/mol], leads to
a PA(RNHCH3) = 944 kJ/mol (i.e. 920 + 24 kJ/mol).
Thus, ÆH°f(RNH2CH3

+ ) = –82.4 + 1530–944, i.e.
503.6 kJ/mol.

1844 COMPETITIVE REACTIONS OF ADDUCTS OF EPIMERIC INDANEDIOLS
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