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Abstract

The anions formed by deprotonation of heptane-, octane- and nonanedinitriles have been investigated using mass analy
ion kinetic energy (MIKE) spectrometry with and without collisional activation. In addition, high level quantum chemical
calculations have been used to model relevant parts of the potential energy surfaces. These models are in good agreement
the experimental findings. The lowest energy fragmentations are due to bond scissions initiated by intramolecular hydrog
rearrangements. The calculations show that formation of the enamine anion which is an intermediate in the Thorpe-Zieg
reaction occurs via a high barrier.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction In solution, base-catalyzed self-condensation of
nitriles, also known as the Thorpe reaction, leads to
Most unfunctionalized alkyl anions in the gas phase cyano imines which tautomerizes to enamirjé
are unstable towards electron loss, and stable alkyl The refined intramolecular version of this reaction is
anions are generally stabilized bysubstitution with known as the Ziegler method and is especially used in
an electron-withdrawing group. However, the cyano the synthesis of cyclic ketongg]. The initial step in
group can stabilize a negative charge infhposition the reaction is similar to the Dieckmann condensation
[1] as well as in the:-position[2—4]. The presentwork  in that a stabilized carbanion attacks an electrophilic
describes the results from computational and experi- multiply bonded carbon. When this is an ester functio-
mental investigations of the fragmentation of anions nality, substitution can follow—a possibility lacking
from medium-chained dinitriles. In fast atom bom- in the case of a nitrile. The Dieckmann condensation
bardment (FAB) ionization such compounds are suit- is well known to take place in the gas phd8¢9].
able solvents for strongly oxidizing sampligg.

* Corresponding author. Teli47-22-85-55-37; 2. Experimental methods
fax: +47-22-85-54-41.
E-mail addresses. bojesen@kiku.dk (G. Bojesen),
einar.uggerud@kjemi.uio.no (E. Uggerud). The measurements were done on a JEOL (Tokyo,

1 Co-corresponding author. Japan) JMS-HX110/HX110A which is a four-sector
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tandem mass spectrometer withBzE,B, geometry.
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tion to calculate the absolute zero point vibrational

The anions were generated by FAB or chemical ioniza- energies and thermochemical quantities. For selected

tion (CI) from the pure dinitriles. The dinitriles were

geometries quadratic configuration interaction calcu-

supplied by Aldrich and used as delivered. FAB was lations were performed, taking single and double exci-

done with Xe at 3kV, and CI with a mixture of GH
and NO at a ratio of approximately 2:1. With ClI,

tations explicitly into account for all valence electrons
[15]. These QCISD-FC/6-311+G(d,p)//B3LYP/6-

heptane- and octanedinitrile can be introduced directly 31G(d) results represent our best estimates to relative
or via a heated reservoir whereas nonanedinitrile also energies of the species involved.

can be introduced directly. The resolving power of the

The reliability of methods based on density func-

mass spectrometer was set to 1000 and the acceleratingional theory has been examined befdrf For present
potential at 10 kV. The potential on the post accelera- work the well-known acidities of hydrogen cyanide
tion detector was 20 kV. The dissociation products of and acetonitrile may serve as guides to the accuracy
the anions were detected by mass analyzed ion kineticof the calculation scheme. By using the absolute en-

energy (MIKE) spectrometry in which the parent an-
ion was selected by MS1 (B1). Fragments formed in

thalpies calculated for C#CN, CH,CN~, HCN and
CN~, and the absolute enthalpy forH5/2x RT), we

the 3rd field-free region were registered by an off-axis find theA,H° for hydrogen cyanide and acetonitrile to

detector, placed aftersEby varying the potential of
E,. Data were collected over a period of 10-30 min. In
the MIKE experiments the peak-width at half height

be 1464 and 1586 kJ n1ot, respectively. These num-
bers should be compared with the corresponding ex-
perimental figures of 146813 and 1568-20 kJ mot™*

was measured and corrected for the width of the main [16]. On this basis we may assume that relative ener-

beam[10]. The translational energy releade §) was

determined as described by Cooks ef{&l].
Collisional activation (CA) spectra were obtained

by admitting air into a grounded collision cell in the

gies are reproduced quite accurately, probably within
20-30kJ mot?.

3rd field-free region. The pressure was adjusted to give 4. Results and discussion

80% transmission of the main beam.

3. Theoretical methods

The program suite GAUSSIAN 98L2] was em-
ployed for all quantum chemical calculations. The
hybrid density functional theory method B3LYP acc-
ording to Beckd13] incorporating the 6-31G(d) basis
set[14] was used. All stationary points were subject
to complete geometry optimization with B3LYP/6-

4.1. MIKE and CA spectra

In Fig. 1aa MIKE-spectrum of octanedinitrile anion
obtained using FAB ionization is shown. Comparison
with the MIKE-spectra obtained from the analogous
heptane- and nonanedinitrile anions shows that the
fragmentation strongly depends on the chain-length
(Table 1. The peaks shown ifig. la—care partial
MIKE-spectra of octane- and nonanedinitrile anion
produced by CI. In the spectrum of heptanedini-

31G(d). The optimized structures were checked for the trile anion the only fragment is atVz 26, and can
correct number of negative eigenvalues of the Hessianbe assigned to CN In the spectra of octane- and

(the second derivative matrix). Analytical force con-

nonanedinitrile the most significant additional peaks

stants were computed at this stage and the vibrationalare observed atvz 40, 52, 94 (octanedinitrile anion)
frequencies were obtained together with the rotational andm/z 108 (nonanedinitrile anion). For the smallest
constants. These molecular parameters were usedons the natural assignments leaves little doubt. Thus

within the framework of the rigid-rotor/harmonic-
oscillator approximation without any empirical correc-

m/z 40 is deprotonated acetonitrile, amdz 52 is de-
protonated acrylonitrile. Both the peaksnalz 94 and
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Fig. 1. (a) MIKE-spectrum of octanedinitrile anion formed by FAB. (b) Partial MIKE-spectrum of octanedinitrile anion formed by CI. (c, d) Partiasptitra of

nonanedinitrile anion formed by CI.
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Table 1
Summaries of the MIKE-spectra of anions formed by FAB or Cl
Heptanedinitril (n/z 121) Octanedinitrile rfVz 135) Nonanedinitrile riyz 149)
FAB Cl FAB Cl FAB Cl
m'z 26 100 (59) 100 (86) 29 (60) 74 (87) 37 (74) 60 (87)
m'z 40 Trace 5 27 (24) 85 (91) 36 (31) 78 (92)
m'z 52 Trace 16 (14) 24 (17) 5 (18) 9 (25)
m'z 82 12 (12) 28
m'z 94 100 (17) 100 (19)
m'z 96 Trace 36 (219
m'z 108 100 (20) 100 (31)

The relative abundance of the peaks is given relatively to the most intense peak in the MIKE-spectrum. The translational energy release
Tos (in meV) is given in parentheses. THevalue is calculated from the broad component.

aComposite peak.

b Flat-topped peak.

108 can be assigned to loss of acetonitrile from the octane- and nonanedinitrile anions, the relative abun-
parent ions atn/z 135 and 149, respectively. dance ofm/z 40 increases compared to thosenaf
Comparison of the MIKE-spectra of the anion made 26 and 52, and the ions withvz 82 (octanedinitrile
by FAB and CI shows considerable differences both in anion) andm/z 96 (nonanedinitrile anion) increase in
the relative intensity of the peaks and in their shapes. relative abundance. Significant additional peaks are
For octane- and nonanedinitrile the main differences observed atwz 80 (octanedinitrile anion) andvz
are the higher abundance of the ion witfz 40 com- 94 (nonanedinitrile anion). At higher collision gas
pared to the ions withv/z 16 and 52, and higher abun-  pressures these peaks increase further in intensity.
dance of the ions withm/z 82 (from octanedinitrile
anion) andm/z 96 (from nonanedinitrile anion). 4.2. Theoretical mode
Most of the peaks-shapes are Gaussian and the
peak-widths obtained with both ionization methods The computational investigation has been concen-
were used to obtain the translational energy releasestrated on octanedinitrile anion and the results are
(Tos) as summarized iTable 1 The relative mag-  summarized inTable 3 Figs. 2 and 3 Due to the
nitude of the measured translational energy release
appears generally to be higher in the spectra obtained
. . . Table 2
with CI than with FAB. When the anions are formed g, maries of CA-
by FAB, the peaks in the MIKE-spectra are Gaussian transmission

spectra of dinitrile anions obtained with 80%

whereas some of the peaks-shapes are observed to be Octanedinitrile anion Nonanedinitrile
composite when Cl is used. The composite peaks are (mz 135F anior? (m'z 149)
shown inFig. 1b—d mz 26 35 20
The difference in the MIKE-spectra of the anions :‘Z gg ‘z‘i ‘1‘8
formed by Cl and FAB may either arise from isomer- ;s> 18 9
izations of the anions prior to their decomposition, or 'z 94 100
from differences in the internal energy of the react- ™2 96 9
m'z 108 100

ing metastable ions. Support for the latter possibility _ : : _
is provided by the changes observed in the Spectram;egzlgstsru?;e given as percentages of the most intense peak in

when the anions formed by FAB are collisionally aA small peak was observed at'z 80.
activated.Table 2 As in the CI MIKE-spectra of both b Small peaks were observed mtz 66, 94 and 132.
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Table 3
Energies (in Hartrees) from the quantum chemical calculations
Structure B3LYP/6-31G(d) QCISD-FC/6-333G(d,p)//B3LYP/6-31G(d) ZPVE v(R-C) ( cm™?)
1 —420.94815 —419.89121 0.17358 -
2 —420.97965 — 0.17587 -
3 —328.12061 - 0.16989 -
4 —92.82453 —92.63856 0.00487 -
5 —420.95330 - 0.17211 -
6 —420.95141 — 0.17170 —
7 —288.17336 — 0.12456 —
8 —132.75493 —132.43007 0.04564 -
9 —288.79791 - 0.14032 -
10 —132.12245 —131.81173 0.03077 -
11 —420.91441 — 0.17041 —
12 —420.94352 — 0.17193 —
13 —328.08705 —327.24055 0.16548 -
14 —420.91131 — 0.17084 —
15 —420.92792 - 0.16876 -
16 —420.93002 — 0.16881 —
17 —288.77175 —288.03153 0.13711 -
18 —288.15115 —287.41692 0.12133 -
19 —420.93015 - 0.16920 -
20 —420.93135 —419.86823 0.16978 -
21 —250.07002 —249.43405 0.11663 -
22 —170.83155 —170.40632 0.05098 -
23 —250.69672 —250.05353 0.13218 -
24 —170.20546 —169.79210 0.03678 -
25 —381.63205 - 0.14452 -
26 —248.83589 - 0.09284 -
27 —249.45899 - 0.10828 -
28 —420.92378 - 0.17536 -
29 —420.98139 —419.92150 0.17813 -
302 —93.42262 —93.21003 0.01646 -
TSA —420.89556 —419.83511 0.17300 557
TSB —420.89519 —419.82264 0.17076 511
TSC —420.94320 - 0.16760 1102
TSD —420.91385 - 0.16798 450
TSE —420.89674 —419.84278 0.16914 246
TSF —420.90872 —419.84754 0.16785 776
TSG —420.90133 —419.84751 0.16993 72
TSH —420.91980 - 0.16469 1096
TS —420.87230 —419.81064 0.16598 260
TSI —420.92123 — 0.16490 1121
TSK —381.59510 - 0.13926 750
TSL —381.56515 - 0.13849 1502
TS™M —420.88387 —419.82626 0.17169 1747
aHCN.

advantageous interaction with the neighboring par- intramolecular hydrogen bond. This interaction low-
tially positive cyano carbofé], deprotonation of the  ers the potential energy by an extra 15 kJmotom-
a-carbon is by far the most favorable in terms of pared to the open chain form. Intramolecular H-bonds
potential energy, and consequenflyis the energy  are also found in the anions formed by deprotonation
minimum. The conformation of lowest energy has an of the B- and~y-positions. The corresponding anions
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Fig. 2. Unimolecular reactions of octanedinitrile anion (ions wittz 26, 40 and 94). Potential energy diagram of the intramolecy@& S
type reactions (vial SA and TSB, respectively) giving rise to cyclic products. Numbers in italics correspond to QCISD-FC/#{311
G(d,p)//B3LYP/6-31G(d), while the numbers in regular font correspond to B3LYP/6-31G(d). Relative energies are given intkJ mol

11 and 14 are 75 and 84 kJmot higher in energy Observation of ions withn/z 26 and 40 are assigned
than1, respectively. Even without hydrogen-bonding to CN~ and CHCN™, indicating fragmentation at the
the B-anion is stable towards electron log4] molecular termini. These fragments may be formed

and the present results indicate that also a weakly by intramolecular §2 from thea-anionl or by direct
hydrogen-bondedy-anion is stable in this respect. fragmentation of thd- and-y-anionsll and14. Sy2
This intramolecular stabilization could be regarded as type of mechanisms are well known to play an impor-
an example of remote functionilzati¢h7]. This idea tant role in ion—molecule reactions in the gas phase
is not as remote as the critical reader might think, [18-21]

since it is a matter of fact that remote functional- Fig. 2 shows the calculated potential energy pro-
ization was introduced for C—H bond activation in file for the Sy2 scenario. It is evident that both the
nitriles. anticipated five-membered §A) and six-membered

Furthermore, the ease of hydrogen rearrangement(TSB) transition structures are accessible franOf
clearly demonstrates that any attempt of deuterium la- these two,TSA is lowest in potential energy. Upon
beling for the purpose of elucidating the detailed reac- formation of CN™ (4, m/z 26) the accompanying neu-
tion mechanism would be in vain for these molecules. tral fragment is cyclohexyl nitrile3). Due to the high
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Fig. 3. Unimolecular reactions of octanedinitrile anion (ions witifz 26, 40 and 94). Potential energy diagram of the reactions
resulting from intramolecular proton transfer, ultimately giving rise to open chained products. Numbers in italics correspond to
QCISD-FC/6-31%+G(d,p)//B3LYP/6-31G(d), while the numbers in regular font correspond to B3LYP/6-31G(d). Relative energies are

given inkJ mat™,

acidity of HCN (low A¢H° value), no proton transfer
from cyclohexyl nitrile to CN is possible, and the an-
ion of the cyclohexyl nitrile is not observed in the ex-
periment. The alternative route vigSB ends up with
formation of cyclopentyl nitrile ) and CHCN™ (10,
m/z 40) in one channel, and with the complementary
products7 and 8 (m/z 94) in the other. Cyclopentyl
nitrile is a stronger acid than acetonitrild(H° =
1560 kI mot?), so the latter pair of products is ther-
modynamically most favored.

The internal substitution reaction of the-anion
1in Fig. 2 provides an attractive explanation of the

Alternative pathways, in which the fragments are
formed by direct fragmentation from thg- and
v-anions1l or 14, were also investigatedrig. 3.
Only small barriers separate these ions from isomer-
izing into 1. The isomerization§ — 11 and1 — 14
correspond to entropically favorable intramolecular
1,5- and 1,4-proton shifts, respectively. In the latter
case, a second energy barrier, represented $9,
has to be surmounted before the molecular system
ends up in the leftmost product regionfeify. 3, ulti-
mately giving18 (m/z94) + 8 or 17 + 10 (m/z 40).
Starting from1 and moving to the right, we observe

observed fragments in that three major products are that isomerll may pass further on throughSE to

produced by only two carbon-bond fragmentation.

give the productd3 + 4 (m/z 26). In full accordance

However, the relative abundances of the products are with the experimental observations, passage to the left
in poor agreement with the calculated energy profile giving the ionic product4d8 (m/z 94) and10 (m/z 40)

depicted inFig. 2 which indicates that CN is the
kinetically and thermodynamically preferred product
ion, in contradiction to the experimental results shown
in Fig. 1

is preferred compared to passage to the right giving
(m/z 26). Moreover, the calculated higher acidity of
17 compared t@ is also in agreement with the exper-
iment, since the amount dB (m/z 94) is higher than
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of 10 (m/z 40). We therefore conclude that the main
reaction pathways leading to the fragmedtgm/z
26), 10 (m/z 40) and18 (m/z 94) are those oFig. 3,
rather than those dfig. 2 This reaction which lead
to formation of cyanide and acetonitrile anion can be

G. Bojesen, E. Uggerud/ International Journal of Mass Spectrometry 228 (2003) 1083-1093

ter is by far lower in energy thah, from which it is
separated by a considerable barii&M.

As shown inFig. 1bthe peak atm/z 82 which can
be assigned t@1 appears to have one wide and one
narrow component when the parent anion is formed

regarded as proceeding by an E1cB mechanism in by CIl. The two components differ by the magnitude of

the which the anion is formed by an intramolecular
proton transfer.

The right-hand side oFig. 4 shows the potential
energy profile relevant for the dissociation into the
ions withm/z 52 and 82. The mechanism is straight-

the translational energy release. The reaction profile in
Fig. 4is in agreement with such an observation. A bi-

modal translational energy release distribution can be
observed when either two different reaction pathway
are possible or when the internal energy distribution of

forward in the sense that the rate determining step reacting metastable ions is bimodal. In model calcula-

essentially is ay-cleavage (vial SI). However, sub-
sequent to passage ©fS8l, a hydrogen is transferred
from thea-carbon to the nascent radical site at the ter-
minal carbon. This “hidden” hydrogen rearrangement
[22], results in the transient speci&8, that may dis-
sociate inta21 (m/z 82) and22. Alternatively, it may

tions it has been shown that a reaction profile such as
shown inFig. 4can lead to a bimodal distributig@3].
Formation of the low-energy non-reacting isomer in
the source can provide a reservoir of highly energetic
ions with the structure9 which, owing to the two
high barriers afTSM and TSI, may fragment with

transfer a proton between the two components of the the same rate as ions with lower internal energy with

complex to produce the short-lived intermedi@@
which ultimately dissociates into the produ@3and
24 (m/z 52). The high barrier for thg-cleavage is in
agreement with low abundance ofz 52 and 82 in
the MIKE-spectra of octanedinitrile aniofif. 1 and
Table 7). The magnitudes of the translational energy

the structurel which only have to cross one barrier at
TSI. Thus the narrow component of the peaknit

82 is due to fragmentation dfinto 21 and22 whereas

the broad component arises from the same product
but from a population oft which has been produced
by back-isomerization 029. The peak at/z 52 as-

releases in the reactions of the parent anions from FAB signed to acrylonitrile anioi24, the other product at

are also in agreement with the calculated reaction pro-

files. Formation of cyanidenfz 26) has the highest

the right-hand side dfig. 4, appears to be Gaussian.
This may just be an indication of the different dy-

translational energy release and is indeed formed via namics of the reaction leading # and24 compared

TSE which has more than five times the potential en-
ergy of the productd3 + 4. The reactions shown in
Fig. 3 give products vial SI with an energy barrier

to that which ends up witR1 and22. It is therefore
likely that the high-energy population éfmust con-
tribute to all the observed fragments, but only when

less than twice the product energy, and the products the distribution of the translational energy release is
18+ 8 and17+ 10 are formed vial SG and T SH with significantly different from that of the low-energy
energies comparable to that of the products. When CI population, it will be noticed from the peak shapes.
is used to produce the anions, a fraction of them must When the translational energy distributions of the two
have enough internal energy to cross the barrier at populations are similar the high-energy population
TSI. For this population the intramolecular substitu- only contributes to the greater peak-width noticed
tion reactions ofFig. 2is also available, but such re-  with CI.
actions will be disfavored on the basis of bothersome If the explanation above is correct the absence of
entropy. any composite peak in the FAB MIKE-spectrum in-
The left-hand side oFig. 4 shows the isomeriza- dicate that29 is not formed in significant abundance
tion of 1 into the Thorpe—Ziegler produ@s and the under FAB ionization. lon production by FAB gives
product of a 1,3-hydrogen rearrangemaat The lat- ions with generally little internal enerdg4] and fewer
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Fig. 4. Unimolecular reaction of octanedinitrile anion. Potential energy diagram for reactions giving ionsvwif2 and 82. Number
in italics correspond to QCISD-FC/6-3+%G(d,p)//B3LYP/6-31G(d), while the numbers in regular font correspond to B3LYP/6-31G(d).
Relative energies are given in kJmél

high-energy ions will give a smaller population of our B3LYP/6-31G(d)//B3LYP/6-31G(d) calculations
29 with sufficient energy to contribute to the reacting of the corresponding reactants, transition structures
metastable ions. and products. The barrier for the 1,3-shift was cal-
In the MIKE-spectra of heptanedinitrile anion CN culated to be 77kIJmot higher than that of the
(m/z 26) is the only observed ionic fragment. As for 1,4-shift. Based on the results from the higher homo-
the octanedinitrile anion discussed in detail above, the logue, we would expect that this barrier is underes-
most stable isomer of this anion is formed by depro- timated with B3LYP. Since heptanedinitrile as well
tonation of ana-position. In order to accommodate as the longer-chained homologues can be cyclized by
fragmentation into CN, it is necessary to form the the Thorpe—Ziegler reaction, the marked differences
intermediate where thp-hydrogen is removed. This  between the fragmentation in the gas phase of the
can be obtained through a 1,4-proton shift. Loss of heptanedinitrile anion and the two homologues sup-
CH2CN~, on the other hand, would require transfer port the assumption made above that the gas-phase
of a proton from they-position, which in this shorter ~ fragments are not formed via the Thorpe—Ziegler
molecule would have to go via a 1,3-proton shift—a intermediate fig. 5).
mechanism which seems less likely both in terms of The fragmentation of nonanedinitrile anion can
energy and entropy. This assumption is supported by be explained in parallel to that of the octanedinitrile
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TSK
N N 17 4
\\\C C/// (1,4-proton shift)
U (1,3-proton shift) c 2z N Cé/N
25 TSL |r\_/ or ||/\/

+ CH4CN + CH,CN
26 8 27 10

Fig. 5. Unimolecular reactions of heptanedinitrile anion.

anion. Its behavior is in every respect similar, of course right-hand side ofFig. 4 for which TSI the highest
with the exception that in the series of fragment ions batrrier.

some of the peaks have to be assigned to homologous When these changes in mechanism are correlated to
ions. The analogous fragmentation pathway to that the experimental results only the FAB MIKE-spectra
shown for octanedinitrile anion iRig. 4 produces the  are fully useful, since the Cl MIKE-spectra may be
fragments withm/z 96 and 52. The associated peaks complicated by the bimodal energy distribution of the
are shown irFig. 1c and dlIn this case they are both  reactant, as discussed above. In the FAB MIKE-spectra
composite, and their appearance can be explained inof octanedinitrile, the ionic fragmeng} (m/z 52) and
analogy to that of the peak at’z 82 from octanedini- 21 (m/z 82) formed viaTSl have abundances of 16
trile anion. The high-energy population of the homo- and 12% Table ). For the nonanedinitrile anion the
logue of 29 contributes to the wider peaks in the CI abundances of the equivalent fragments52 and
MIKE-spectra and in the case of nonanedinitrile anion 96 are significantly lower. Thus for nonanedinitrile
both fragmentations on the right-hand sideFad. 4 anion, the reactions shown irig. 3 are even more
gives rise to composite peaks. Based on the obvious favored compared to those showrFiy. 4than in the
similarities between the experimental data for octane- case for octanedinitrile anion.

and nonanedinitrile anion, we anticipate that their

potential energy profiles are similar. The main differ-

ence in the reaction mechanism lies in the ring size of Acknowledgements
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