Published on 30 January 2003. Downloaded by University of Western Ontario on 30/10/2014 15:49:23.

DOI: 10.1039/b209955¢c

View Article Online / Journal Homepage / Table of Contentsfor thisissue

ARTICLE

Trends in alkyl substituent effects on nucleophilic reactions of
carbonyl compounds: Gas phase reactions between ammonia and

R'R*COCH,* oxonium ions f

Lihn Bache-Andreassen and Einar Uggerud *

Department of Chemistry, University of Oslo, P.O. Box 1033 Blindern, N-0315 Oslo, Norway.

E-mail: einaru@kjemi.uio.no

Received 10th October 2002, Accepted 13th December 2002
First published as an Advance Article on the web 30th January 2003

2q0/610"ISI MMM
040

The reactivity of carbonyl substituted methyl oxonium ions (R'R2COCH,") towards ammonia has been investigated
using an FT-ICR mass spectrometer and ab initio calculations. The monosubstituted ions (R'=H; R*= H, CH;, C,H;
and i-C;H,) show different reaction patterns with variable degree of: (1) nucleophilic substitution, (2) addition—
elimination and (3) proton transfer, when reacted with ammonia. In all cases addition—elimination dominates over
nucleophilic substitution, and the observed reactions are slow. The trends in reactivity are consistent with the alkyl
group’s electronic properties, as expressed by a single parameter linear or slightly non-linear model.

Introduction

Oxonium ions (R'R2COR**) have been the subject of interest in
several research groups during the last decades, in particular
because of their ambident reactivity towards nucleophiles, but
also because they are common fragment ions in the mass
spectra of ethers and alcohols, and interesting reagent ions in
chemical ionisation mass spectrometry. Although this class of
compounds has been studied extensively, both theoretically and
experimentally, only a few reports have dealt with the effect
of increasing the size of the substituent at the oxonium ion'?
or bimolecular reactions of substituted oxonium ions
(R'R2COR?3*; R! R® # H).*® The majority of the research has
been concerned with unimolecular chemistry of oxonium
ions,'*** bimolecular chemistry of the methoxy methyl cation
(CH,OCH,*),>"*%*7 and of various protonated carbonyl
compounds (R!'R*’COH™), see e.g.refs. 4,5,8,37,48,58-65.

Oxonium ions have two electrophilic centres, one at the
a-carbon of the O-substituent and one at the carbonyl carbon.
Attack of a nucleophile on the O-substituent may lead to a
nucleophilic substitution (sub) reaction, and attack at the carb-
onyl carbon may initiate an addition—elimination (ae) reaction
(Scheme 1, with ammonia as the nucleophile).
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Both ae and sub are important reaction types in organic
chemistry, and have also been studied in the gas phase (see e.g
refs. 66,67 and references therein). These two reaction paths are
the most common observed in reactions between CH,OCH;"
ions and a range of nucleophiles.

We have recently investigated the effects of increasing the
oxygen alkyl group in reactions between CH,OR™ ions and

T Electronic supplementary information (ESI) available: proton affin-
ities, geometries and energies of optimised structures, structures of the
stationary points and a plot of experimental and RRKM In(k,/k,)
against a-stabilisation constants. See http://www.rsc.org/suppdata/ob/
b2/b209955¢/
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ammonia? (R = H, CH;, C,Hs, i-C;H, and n-C;H,). In all cases
both pathways mentioned above (ae and sub) were observed,
and we found that the reaction rate for ae is only weakly
dependent upon alkyl group, while the reaction rate for sub
decreases substantially with increasingly large O-alkyl group. In
the case of R = i-C;H, and ¢-C,H,** an elimination mechanism
also becomes operative.
In the present work we have decided to focus on the effect of
varying the alkyl group at the carbonyl carbon (Scheme 2):
Rz\ +
JC=0_ + NH; ; R'=H;R*=CH;, C,H;, i-C;H;,
R! CH, R'=R?>-CH,

Scheme 2

From solution chemistry it is well known that increased alkyl
group at the carbonyl carbon retards reactivity in most situ-
ations which involve nucleophilic attack at this atom, and the
common notion is that this is due to a steric effect. It is, how-
ever, not obvious that this is also the case in the gas phase, since
solvent effects may alter trends in reactivity and physical prop-
erties of molecules. In addition, it would also be of interest to
see how the more remote sub reaction is affected by systematic-
ally changing the alkyl group at the carbonyl carbon.

Few reports exist on the bimolecular chemistry of R'R*
COCH;"* (R'#H) ions in the gas phase,*” and none of them is
concerned with reactivity as a function of alkyl group. Caserio
et al.™® observed an ae reaction between CH;CHOCH," and
CH,0CH,CH,OH, while Biichner and Griitzmacher® found
that (CH,),COCH,™ is totally unreactive towards ammonia. It
should also be mentioned that Williams er al®® performed a
theoretical investigation and found that addition of water to
unactivated carbonyl compounds slows down upon increasing
the number of alkyl groups bonded to the carbonyl carbon.

Experimental and theoretical methods
Mass spectrometric experiments

The reactions were studied using an FT-ICR mass spectrometer
equipped with an external EI/CI ion source (Apex 47e, Bruker
Daltonics, Billerica, MA, USA). The oxonium ions (R!R?-
COCH;") were formed by EI (70 eV) on a suitable methyl ether
(R'R’R*COCH,;) in the external ion source. The mixture of
ions produced in the process was transferred to the ICR-cell,
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which contained NH; at a stationary partial pressure of the
order of 107*~1077 mbar. All ions, except the oxonium ion of
interest, were then ejected from the cell using correlated fre-
quency sweep (CHEF).® An argon pulse was then introduced
into the cell (peak pressure 107> mbar) to cool the ions down to
ambient temperature by collisional deactivation. After a short
pumping delay (3—4 s) the product and fragment ions formed in
and during the cooling process were ejected from the cell by
single frequency shots, in order to isolate the oxonium ion a
second time. The oxonium ion was then allowed to react with
ammonia before the mass spectrum was recorded. By changing
the reaction delay, the time development of the system was
followed, and thereby the rate constants of the individual reac-
tions were determined. All the reaction products were isolated
by using correlated sweep after an appropriate reaction time
and thereby allowed to react further with ammonia. This was
necessary to determine the reaction schemes unambiguously.
In all cases the products showed to be unreactive towards
ammonia during the timescale of interest. Due to the long reac-
tion times and relatively high pressure of NH; needed in the
experiments with i-C;H,CHOCH," it was on some occasions
necessary to use N labelled ammonia. Under these conditions,
trace amounts of amines left over from previous experiments
could be released from the walls inside the FT-ICR, and
thereby be present in the gas phase during the experiments. On
these occasions, the use of *'NH, was necessary to distinguish
the wanted reaction products from protonated amines and
imines formed by side reactions. In these cases we assume that
isotope effects are negligible. The pressure gauge was calibrated
using the NH;*" + NH; — NH," + NH,’ reaction with a rate
constant of 2.20 x 10~? cm® molecule™' s~'.” All measurements
were repeated several times in different sessions to ensure long
time reproducibility.

Synthesis of methyl ethers

A sample of 60% sodium hydride in mineral oil (4.0 g, 0.1 mol)
was dispersed in predried DMSO and the appropriate alcohol
(0.1 mol) was added during 2 h under a nitrogen atmosphere.
The reaction mixture was then left stirring overnight before
methyl iodide (14.2 g, 0.1 mol) in DMSO (10 ml) was added
dropwise while cooling by an ice/water bath. After stirring for
additional 5 h at ambient temperature the reaction mixture was
poured into water and the layers were separated. Drying with
MgSO4 and subsequent distillation afforded the methyl ether in
62-80% yield.

Determination of the rate constants

All the reactions observed were assumed to follow pseudo-
first-order kinetics, because the neutral reactant was in great
excess and held at a stationary pressure. It was shown experi-
mentally that none of the reaction products reacted further
with ammonia, so a simple kinetic procedure could be used. For
a reacting system, which has two alternative reaction paths, a
plot of the relative intensity of one of the products versus the
other will result in a straight line. The slope of this line will then
be proportional to the ratio of their rate constants. When more
than two stable products are formed the same procedure can be
used, but the relationship between the observed slopes and rate
constants is then slightly more complicated. The individual rate
constants are easily found by combining these slopes and the
rate of disappearance of the reactant ion. Unfortunately, it was
not possible to determine the rate constants for all the systems
in the same simple manner. In the case of extremely slow reac-
tions of i-C;H,CHOCH;" there was interference with amine
residues in the FT-ICR. The amines in question have higher
proton affinities (PA’s) than the primary products (protonated
methyl amine and protonated imines), and some proton trans-
fer was therefore observed. The assumption that the products
did not react further with a neutral compound was then no
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longer valid. In this case the time evolution of the products
was plotted, and fitted to the appropriate kinetic expression.
Obviously this affects the precision of the derived kinetic
parameters. The uncertainty in the absolute rate constants
for CH;CHOCH;* and C,H;CHOCH,* are about 30-35%,
and about 20% for the k,/k,, ratio. For i-C;H,CHOCH," the
statistical uncertainties in the absolute rate constants are about
50% for ki, 110% for k,, and 150% for k. For the k,/kg,,
ratio the uncertainty is about 120%. We want to emphasise that
the large uncertainties for the i-C;H,CHOCH;" system are not
only due to the kinetic procedure used, but also the result of
these reactions being so slow that the amount of product is
close to the limit of detection.

Quantum chemical calculations

Quantum chemical calculations were carried out using the
program system GAUSSIAN 98.”' The methods used were
Hartree—Fock (HF),”” Moller—Plesset perturbation theory to
second order (MP2),” with 3-21G and 6-31G(d,p) basis sets,”
and the compound G2 method. These methods and basis-sets
was chosen as to be the same used in our earlier work on oxo-
nium ions** for the sake of comparison. All relevant critical
points (reactants, transition structures, intermediates and
products) of the potential energy surface were characterised by
complete optimisation of the molecular geometries for HF/
3-21G and MP2/6-31G(d,p), whereas the more accurate G2
method was only used in selected cases. Relative energies were
calculated by including the zero-point vibrational energies
(zpve) scaled by a factor of 0.9207 for the HF/3-21G and 0.9608
for the MP2/6-31G(d,p) calculations.”® All transition states
have been linked to the reactants and appropriate products by
intrinsic reaction co-ordinate (IRC) calculations.””” In a few
cases the conformation shown for an intermediate is not that
of lowest energy, but in all cases they have been linked to the
corresponding lowest energy transition structure by IRC calcu-
lations. Internal energies were estimated by adding the total
enthalpies of the reactants at 298 K from the G2 calculations,
and then subtracting 4RT for redundant rotational and trans-
lational degrees of freedom and the PV terms. The result gives
the amount of energy accessible for distribution between the
vibrational degrees of freedom during the course of reaction.

Rice—-Ramsperger—Kassel-Marcus (RRKM) reaction rate
calculations ®

The standard Beyer—Swinehart procedure was employed to
calculate theoretical rate coefficients for the ae and sub reac-
tions.** The scaled normal vibrational frequencies and the
energy difference between the appropriate intermediate and
transition structure from the MP2/6-31G(d,p) calculations were
used as input. In all cases the intermediate for the ae reaction
was found to be lowest in energy, so it was chosen as the com-
mon intermediate for the competing reactions. Rate constants
were estimated at the average thermal energy. Details of the
calculations (Cartesian co-ordinates, list of frequencies ezc.)
may be obtained from the authors upon request.

Results

For all the monosubstituted (R! = H) oxonium ions, three
different ionic products were observed in the reaction with
ammonia, corresponding to addition followed by elimination
(ae), nucleophilic substitution (sub) and proton transfer (pt). A
mass spectrum for the reaction between C,H;CHOCH," and
NH; taken after an appropriate reaction time is shown in Fig. 1,
and the proposed reaction scheme in Scheme 3. Both isolation
experiments and the comparison of known PA values®' (see
Table S1 in the electronic supplementary information (ESI) 1)
showed that none of the ionic products have the capacity to
transfer a proton to ammonia. The rate constants are given in
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Table 1 Experimental and theoretical (RRKM) rate constants

R'R*COCH," + NH,

R! R? ke Kgup hepe kel Kquy kgl Kot koK, (RRKM)
H H 2.7 0.25 — 10.8 — 3.0 5

CH, 0.023 0.0088 0.60 2.6 26.1 0.63 0.6

C,H, 0.016 0.0020 0.077 8.0 4.8 0.095 1.1

i-C;H, 0.00023 0.000042 <0.0005 5.6 <24 <0.00073 3.0
CH,; CH, No reactions observed <0.0002 0.3

“ Given in units of 107! cm® molecule™' s

Table 2 Potential energies relative to the reactants for the addition—elimination reactions with MP2/6-31G(d,p). All values are given in kJ mol™

R'R*COCH,"* + NH,

R! R? E(INCI) E(TS) E(INC2) E(Prod)

H H ~178.1 ~73.8 —143.6 —78.5
CH, —134.2 —344 ~117.3 —61.1
C,H, —128.7 —29.6 ~1115 —60.1
i-C,H, ~129.2 —29.9 (—28.3)¢ —146.1 (—112.7)¢ ~59.9

CH, CH, ~108.7 -10.8 ~108.9 -579

“ Please note that the product side INC2 in the case of i-C;H,CHOCH,;" is different from the corresponding complexes found for R?>= H, CH; and
C,H; (see structures 5, Fig. S1 (ESI)t). Separate IRC calculations show that the transition structure is topographically linked to a hydrogen bonded
species (structure S¢’). For the sake of direct comparison we have included the covalently bonded species for R? = i-C;H, (5¢) within the parenthesis,
and the corresponding transition structure. This transition state differs from structure 4c only by the conformation of the i-C;H, group.

065

2 T
1.0 o CoH5CHOCH3+
NHgt

0.2 4 cz|13c1 [N1I2+
CH3NH3+ 606

u t u d
20 30 40 50 60 70 80 90 100 m/z

Fig. 1 Mass spectrum for the reaction between C,H;CHOCH," and
NH;, taken after 12 s at an ammonia pressure of 2.1 X 1077 mbar.

Csz +
=0_ + NH;
Proton m/ z 73
transfer
/ sub
OCH; s, + M .
NH; + H/C—N\H CH;OH
H
m/z 18 s m/z 58
(cis or trans) NH CHw + ,CZO
m/z 32 H
Scheme 3

Table 1, and for comparison we have also included the results
for CH,OCH," from our earlier investigation.”? From Table 1 it
is easily seen that the total reaction rate decreases significantly
when the alkyl group increases in size. For the disubstituted
oxonium ion, (CH,),COCH,*, no reactions were observed
within the maximum reaction time (700 s) and pressure range
(2 x 1077 mbar). This gives an upper limit to the total
rate constant in the order of 2 X 10 cm?® molecules ' s, in

agreement with the findings of Biichner and Griitzmacher.*

The addition—elimination reactions

The ae reaction is observed for all the oxonium ions, except for
the dimethyl ion which is unreactive. As shown in Table 1 there
is a marked drop in the reaction rate with bigger R group. The
effect is most pronounced When adding the first (R' = H; R? =
CH,) and the second (R' = = CH,) methyl group to the
carbonyl carbon, but there is also a large drop in rate constants
between C,H;CHOCH," and i-C;H,CHOCH,".

The ab initio calculations show that the ae reaction is initiated
by attack of ammonia on the carbonyl carbon leading to the
first ion—neutral complex (INC1), as shown in Fig. 2 for
C,H,CHOCH;". The label b on the enumeration of the struc-
tures refers to R>=C,H,. The reaction then proceeds through a
1,3-proton transfer from N to O, whereupon the C-O bond
weakens. This leads to the formation of the second ion—neutral
complex (INC2) where a protonated imine is loosely bonded
to methanol, followed by dissociation of the complex into
products. The relative energies are given in Table 2, and the
structures in Fig. S1 with bond lengths and angles in Table S2
(ESIt). The absolute energies of the optimised points are
given in Table S3 and Cartesian coordinates in Table S4
(ESI). For comparison we have also included the results for
R'=R2=H in the tables. From the relative energies for all rele-
vant stationary points it is evident that the effect of changing
the first H to CH; (CH,OCH,* to CH;CHOCH;") is more
pronounced than changing the second (CH;CHOCH;" to
(CH;),COCH;™). This is the same trend as found in a theoreti-
cal study by Williams e al.®® of ae reactions between unactiv-
ated carbonyl compounds and water; increased number of alkyl
groups bonded to the carbonyl carbon increases the central
barrier and makes the reactions less exothermic. When compar-
ing bond lengths and angles in Table S2 with the data for
CH,OCH;" (shown in the lower part of Table S2), it is seen that
the effect on the transition structure of adding the first CH;-
group to the carbonyl carbon is slightly more pronounced than
adding the second. The N ---H and O --- H distances
become shorter, while the C—N and C-O bonds get longer.
Interestingly, the variations are most pronounced in the C-O
and O --+- H bonds, reflecting that increased size of the
alkyl bonded directly to C=0 affects this part of the transition
structures mostly.
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Fig. 2 MP2/6-31G(d,p) potential energy diagram for the addition—elimination reaction between C,H;CHOCH," and NHj. All values are given in

kJ mol ™.

Table 3 Potential energies relative to the reactants for the substitution
reactions with MP2/6-31G(d,p). All values are given in kJ mol ™"

R'R*COCH,"* + NH;,

R! R? E(INCl)  KTS)  EINC2)  E(Prod)
H H —52.7 -383 —184.9 ~146.8
CH, 472 -19.0 —1454 -100.2
C,H, —46.1 -15.6 —138.4 —92.7
iC,H,  —45.1 -122 -1323 -85.7
CH, CH, -433 ~1.1 -1225 -724

When we examine the isolated oxonium ions we see the
same trends as we do with the complexes; the structural differ-
ences between CH,CHOCH,*, C,H;CHOCH;" and i-C,H,-
CHOCH;" are quite small, while the differences between
CH,0CH,*, CH;CHOCH;"* and (CH,;),COCH;" are more
pronounced. The oxonium ions become more carbinol like
(shorter O-CHj; and longer C-O bonds) when alkyl groups are
attached to the carbonyl carbon compared to H, probably as a
result of their higher ability to stabilise positive charge. Loss-
ing® observed a similar trend in a study of AH; of oxonium
ions. The effect of replacing the first H with CH; directly on the
carbonyl carbon in CH,OR * ions (R=H, CH;, C,H;) was larger
than replacing the second H, while the effect of changing from
CHj; to C,H; in the same position was even smaller (see Fig. 2
in ref. 82). This indicates that after the initial stabilisation by
one CH;-group at the carbonyl carbon (CH,OCH,* to CH;-
CHOCHS;"), there is not much gained by increasing the size of
the group in this position.

The substitution reactions

The sub reaction is observed experimentally for all the
monosubstituted oxonium ions, and the rate constants follow
the same trends as for the ae reaction (Table 1). There is a
substantial drop in reactivity when adding the first (R' = H;
R? = CH,;) and second (R! = R? = CH;) methyl group to the
carbonyl carbon, with the disubstituted oxonium ion again
being unreactive. Moreover, the difference in rate constants
between CH;CHOCH," and C,H;CHOCH;" is quite small
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compared to the difference between C,H;CHOCH,* and
i-C;H,CHOCH;".

The reaction mechanism for nucleophilic substitution is illus-
trated in Fig. 3 for the reaction between C,H;CHOCH,;" and
NH;, and the calculated relative energies are given in Table 3.
Ammonia attacks the methyl group, which then is transferred
to ammonia upon inversion of configuration (Walden inver-
sion). From Table 3 it is evident that increasing the alkyl group
at the carbonyl carbon gives increased relative energies for all
stationary points along the reaction co-ordinate. The trend is
clear, but the effect is rather small, due to the fact that the alkyl
substituents are remote from the reaction centre. Inspection of
bond lengths and angles for the transition structures (com-
plexes 9 in Table S2, ESI {) shows that increasingly large group
leads to a situation where the transition structure is positioned
later along the reaction co-ordinate (shorter N --- CH; and
longer O - - - CH,;), reflecting the larger methyl cation affinities
of higher aldehydes and ketones.

The proton transfer reactions

Formation of NH," was observed for all the monosubstituted
oxonium ions, although the signal is weak and almost drowns
in the background for i-C;H,CHOCH,;". Separate isolation
experiments, showed that none of the ionic reaction products
(RCHNH," and CH;NH;") are able to transfer a proton to
ammonia, at least not when thermalised. This is in accordance
with known relative proton affinities. The observed NH," is
therefore most likely a result of a direct encounter between the
oxonium ion and ammonia. The origin of the proton being
transferred was determined by examining the reactivity of the
isotopic species CH;CHOCD,*. The only pt product observed
was NH,", no NH;D" was detected. This indicates that the
proton originates solely from the carbon side of the carbonyl
bond. Ab initio calculations of Okada et al.*® have shown that
there is a considerable reaction barrier for pt from the O-substi-
tuent in CH,OCH;" to NH;. Due to poor S/N level and side
reactions with amine residues in the ICR-cell (see Experimental
section), it was not possible to determine a reliable rate constant
for pt from i-C;H,CHOCH;" to NH;. In this case the difference
between the total rate constant, k., and k,. + kg, was taken as
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Fig. 3 MP2/6-31G(d,p) potential energy diagram for the substitution reaction between C,H;CHOCH;" and NH,. All values are given in kJ mol™".

Table 4 Potential energies relative to the reactants for the proton
transfer reactions with MP2/6-31G(d,p). All values are given in
kJ mol ™!

R'R*COCH,* + NH,

R! R2 E(INCl)  ETS) E(INC2)  E(Prod)

H CH, -512 —494  —916 -39
C,H; (cis) ~50.0 —494  —977 +4.7
C,H, (trans)  —45.4 —446  —982 -0.7
i-C,H, —484 —498  —106.9 +1.7

CH, CH, —533 364  —42.5 +30.2

an upper limit to the pt reaction. All the observed pt reactions
are seen to be slow, and there is a drop in reactivity when the
alkyl group is bigger. No reaction was observed for (CHj),-
COCH,*.

As illustrated in Fig. 4 for the pt from C,H;,CHOCH;" to
NHj;, the reaction is initiated by attack of ammonia on one of
the B-hydrogens of the C-substituent, which then is transferred
to ammonia forming an enol ether (17) and the ammonium ion
(16). Despite the favourable low energies of all transition struc-
tures of Table 4, proton transfer is noticeably slow. The reason
lies in the latter part of the reaction, since the reaction energies
according to MP2/6-31G(d,p) are close to zero. The bottleneck
is therefore not the central barrier since a major part of the
reaction trajectories will recross the transition state and dissoci-
ate back to reactants, rather than dissociate to form products.

Discussion

As already mentioned, the aim of this work is to examine trends
and to compare directly with previous work, we are confident
that the MP2/6-31G(d,p) serves our purposes. However, we
should not expect that this method will give highly accurate
absolute energies. Since we decided not to conduct resource
demanding G2 calculations for all structures involved, we find
it mandatory to comment on the accuracy of the MP2/
6-31G(d,p) calculations. For the analogous reactions between
ammonia and CH,OR™ oxonium ions, we found that rel-
ative MP2/6-31G(d,p) energies of intermediates and transition

structures along the ae and sub paths are underestimated by
approximately 29 and 14 kJ mol ™!, respectively. This tendency
was demonstrated by comparison with the more accurate G2
energies.” The results of a G2 calculation on the ae transition
structure in the reaction between NH; and (CH;),COCH;"
indicates exactly the same tendency. With G2 the ae transition
structure was found to be 21 kJ mol ™" higher in energy than the
reactants, compared to 11 kJ mol™' lower in energy with MP2
(see the upper part of Table S4, ESI { for the relative G2 ae and
sub transition structure energies.) This fact must be taken into
consideration when we consider the quantum chemical model
data of this study in greater detail.

For the ae reactions the relative energies of the transition
structures are quite similar for the monosubstituted oxonium
ions (Table 2). This is reflected in the k,, rate constants for
CH,CHOCH;" and C,H;CHOCH," (Table 1). The same is the
case with the sub reactions (Tables 1 and 3). The reason why the
rate constants for i-C;H,CHOCH;" in both cases differ from
the other monosubstituted oxonium ions is not at once evident
from the MP2/6-31G(d,p) energy data. If we make the reason-
able assumption that MP2/6-31G(d,p) underestimates the TS
energies also in this case of R? = i-C;H,, the relative energies of
ae and sub transition structures are at +1 and +2 kJ mol ™!,
respectively. This would implement a quite effective barrier
towards reaction, and even small changes in TS energy in this
range may lead to significant changes in reaction rates. We
believe that this is the reason why the k,, and k,, rate constants
for i-C;H,CHOCH," are lower than for the other monosubsti-
tuted oxonium ions in this study. When viewed in light of the
calculated G2 transition structure energy for the ae reaction
(+21 kJ mol™") and the anticipated G2 transition structure
energy for the sub reaction (+13 kJ mol™"), it is also evident why
(CH,),COCH," is totally unreactive towards ammonia along
these two reaction paths.

It is clear from the energies of Tables 4 and S1 why the pt
reactions are so slow, and why the rate constants decrease with
increased substitution. For all the monosubstituted oxonium
ions the pt reactions are close to thermoneutral, and the
energy requirement is seen to increase with larger alkyl
group. Again, we find that even small changes in reaction
energy close to the threshold may cause great variations in
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Fig. 4 MP2/6-31G(d,p) potential energy diagram for the proton transfer reaction between C,H;CHOCH,;" and NH;. All values are given in
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reactivity, and we would expect to observe barrier crossing
and re-crossing. Interestingly, we were able to discover this
dynamical process. When (CH,;),COCH;" was reacted with
ND;, extensive H/D-exchange was detected.

Hammett plots are often invoked to describe substituent
effects in quantitative terms. There are, however, inherent prob-
lems related to the interpretation of such effects in the sense
that sometimes two — and even more different constants are
needed to give a comprehensive description of the influence of
one substituent to various molecular properties, including
reactivity. These constants (named inductive, field, resonance
and steric constants) are interpreted on the basis of classical
electrostatics in a quite intuitive fashion, and have usually no
firm physical root, in the meaning that these named properties
cannot be derived directly from the Schrodinger equation. An
equally serious problem emerges from the fact that substituent
constants may include unknown solvent effects.

In an effort to resolve these dilemmas and to define a basis
for systematic interpretation of the inherent properties of
simple gas phase molecules, we recently introduced a set of
substituent constants for the most common alkyl groups.®
These so-called a constants were obtained from reliable gas
phase enthalpies taken from the literature, and in the first
instance they reflect the Lewis acidity of the corresponding
alkyl cation. However, it has become evident from experi-
ence 333 that the parameter is not only a measure for the ability
to stabilise negative charge, but also the ability to stabilise a
positive charges. This is probably related to the functional rel-
ationship between a and the polarisability of the group.®® The
linear dependence we found between the relative energies of the
stationary points along the ae and sub reaction pathways
and the a values for reactions between ammonia and various O-
alkyl substituted oxonium ions,>* made it natural to look for
similar trends in the present study.

The a values for CH,0OCH,*, CH;CHOCH;", C,Hs-
CHOCH;" and i-C;H,CHOCH;" are as follows: 1.000(H),
0.938(CHj;), 0.915(C,Hs), 0.895(i-C;H;). In the present study
one problem had to be solved first, since no a constant was
available for the disubstituted compound (R'= R?*= CHj;). To
overcome this, we conducted the plot shown in Fig. 5. The plot
shows that the proton affinities of the homologous series of
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Fig. 5 Proton affinity of the relevant aldehydes and ketone plotted as
a function of the « stabilisation constants.

aldehydes are linear in a. By extrapolating the straight line
(R =0.994) to the value of the proton affinity of acetone, we
postulate an a value for the reaction of with R! = R? = CH; of
a = 0.881. Since the a value of methyl is 0.938 the effect of
having two methyl groups is close to the twice of having one.
For the pt reactions the effect of R on the attacked carbon
is of relevance. The substituent constants which apply for
CH,CHOCH,*, C,H;,CHOCH,* and i-C;H,CHOCH," are
therefore: 1.000(H), 0.938(CH3;), and 0.881(2 x CH,;).

Fig. 6 displays the relative MP2/6-31G(d,p) energies of all
stationary points (intermediates, transition structures and
products) for the three reactions; ae, sub and pt as function of
the a-value corresponding to the carbonyl carbon substituent.
For simplicity, we have only included the values for the trans
reaction of C,H;CHOCH," in Fig. 6¢c. If we exclude the
(CH,),COCH,* data (the leftmost points of Fig. 6a and b) we
see clear trends in the data for the ae and the sub reactions for
the R2CHOCH,;" ions. In essence the energies of all intermedi-
ate points relate to the exothermicity for the over-all reaction.
We are reluctant to attribute the trend to an artefact of the
moderately small wave function since the theoretical model
seems to describe the experimental observations quite well,
except of course the aforementioned systematic errors. We also
make another interesting observation — the plots give almost
straight lines, but closer examination reveals slight curvature
and thereby deviation from linearity. This apparent higher
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Fig. 6 Relative energies for the ae (a), sub (b) and pt (c) reactions
plotted as a function of the a stabilisation constants.

order (non-linear) response is interesting, and assuming that it
is not related to deficiencies in MP2/6-31G(d,p) it is somewhat
different from the almost perfectly linear trend found for the
previously reported reactivity of CH,OR" ions.>* It therefore
seems that the detailed mode of transmission of the substituent
effect can be slightly different depending on whether the substi-
tuent is positioned at the electropositive carbon or the electro-
negative oxygen. However, it is also clear that the « values are
fully adequate descriptors of the effect and the trends are the
same.

Another point should also be noted; larger substituents with
smaller a values increase the relative energies of all stationary
points along the reaction co-ordinate, in particular for the tran-
sition structure which is determining for the reactivity. A larger
substituent gives rise to a less stable transition structure relative
to the reactants, indicating that the effect is electronic in its
nature, and that the polarizability of the alkyl group is the key
issue. It is highly relevant that the trends in reactivity correlate
with the Mulliken population at the carbonyl carbon, as shown
in Table S5 in the ESI.  Interestingly, the Mulliken populations
at the carbonyl carbon for the CH,OCH,"*, CH;CHOCH," and
(CH,),COCH," series is perfectly linear in a. This is an import-
ant point indicating that the substituent effect is purely elec-
tronic in its nature. It is of course a matter of taste to describe
this as a result of stabilization of reactants or destabilization of
the transition structure. Since reactivity is so well explained via
the single electronic parameter a, we tend to describe this as a
purely electronic effect, rather than applying the popular, but
rather poorly defined term “steric effect”. In any instance, both
“steric” and “electronic” effects have been implemented by dif-
ferent workers to explain the same trends in the properties of

carbonyl compounds.®®> Moreover, separate considerations by
us have shown that polarizability volumes (classical electro-
static effect)® as well as steric bulk (in terms of Exner’s sub-
stituent factors®) increase smoothly upon decreasing a-value.
The most fruitful point of view is therefore that “steric” or
“electronic” are completely entangled. In terms of “steric”
effects, the reaction centre is sufficiently remote to exclude
significant steric interaction for sub, while the reaction centre
for the ae mechanism is directly adjacent to the substituent.
A comparison between Fig. 6a and b shows that there is no
obvious qualitative difference in the curves for the two.

Finally, we would like to make a comparison between the
experimental and theoretical data. For all the monosubstituted
oxonium ions investigated ae dominates over sub, although to a
different extent. This seems to be the norm when CH,0OCH;*
ions are reacted with nucleophiles that contain an hydrogen
adjacent to the nucleophilic centre. In all cases the transition
structure for the sub reaction is highest in energy, followed by ae
and then pt. This alone indicates the same reactivity order
between ae and sub as observed experimentally. But the compli-
cation of having three competing reactions hinders a direct
quantitative comparison of the isolated rate constants of Table
1 and the barriers of Tables 2, 3 and 4. On the other hand, a
limited comparison between the ae and sub data could provide a
meaningful way to assess the accuracy of the relative theoretical
transition structure energies of the two reactions. In order to do
obtain theoretical estimates of the rates coefficients, we first
performed RRKM calculations based on the quantum chem-
ical data (to include all statistical factors due to internal
rotation and frequencies of vibration), and then plotted both
the theoretical and the experimental In(k,/k,;) ratios against
the corresponding a-values (Fig. S2, ESIT). The data could
indicate a systematic tendency since in all cases the experi-
mental ratio is larger than that estimated on the basis of
the quantum chemical calculations. This does not necessarily
have to mean that the MP2/6-31G(d,p) systematically under-
estimates the barrier of ae compared to sub, although this is
what the G2-calculations indicates for the CH,OR*/NH; sys-
tem.? We have observed that the rate vs. energy curves for sub is
steeper than the ae curves, reflecting the tighter transition struc-
ture of the latter. Since the reaction barrier is higher for sub this
means that the curves cross at quite low energies. Taking the
uncertainty in the internal energy distribution of the reacting
molecules into account, it therefore becomes impossible to
rationalise the deviations on a quantitative basis. A simple stat-
istical analysis shows that the difference in the experimental and
theoretical ratios on an average is 1.3 with an estimated stand-
ard deviation of 0.6 (Fig. S2, ESI}). We consider the standard
deviation to be at the limits of experimental error, so we can not
make an exact statement on the magnitude of a possible non-
systematic component to the deviation between theory and
experiment.

Conclusion

The effect of increasingly large alkyl group on the reactions
between methyl oxonium ions and ammonia is most pro-
nounced when substituting CH; for H directly on the carbonyl
carbon. The difference in reactivity between CH;CHOCH,*
and C,H;,CHOCH;" is smaller, except for the pt reaction, and
in line with the ab initio results. The differences between
C,H,CHOCH;" and i-C;H,CHOCH;" are more pronounced,
although there are only small differences in central barriers
and reaction energies. The pt reactions are slightly endo-
thermic so the same argument applies here. The most dramatic
example is provided for (CH;),COCH,". It is concluded
that the observed substituent effects are well described with the
a values introduced by us previously, and at a very fund-
amental level the trends are described as due to a purely
electronic effect.
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