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Abstract: Experimental and computa-
tional studies on the formation of three
gaseous, positively-charged para-ben-
zyne analogues in a Fourier transform
ion cyclotron resonance (FT-ICR) mass
spectrometer are reported. The struc-
tures of the cations were examined by
isolating them and allowing them to
react with various neutral reagents
whose reactions with aromatic carbon-
centered o-type mono- and biradicals
are well understood. Cleavage of two
iodine—carbon bonds in N-deuterated
1,4-diiodoisoquinolinium cation by col-
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showed nonradical reactivity, which
was unexpected for a para-benzyne.
However, the reactivity closely resem-
bles that of an isomeric enediyne,
N-deuterated 2-ethynylbenzonitrilium
cation. A theoretical study on possible
rearrangement  reactions  occurring
during CAD revealed that the cation
formed upon the first iodine atom loss
undergoes ring-opening before the
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second iodine atom loss to form an
enediyne instead of a para-benzyne.
Similar results were obtained for
the 5,8-didehydroisoquinolinium cat-
ion and the 2,5-didehydropyridinium
cation. The findings for the 5,8-didehy-
droisoquinolinium cation are in contra-
diction with an earlier report on this
cation. The cation described in the lit-
erature was regenerated by using the
literature method and demonstrated to
be the isomeric 5,7-didehydro-isoqui-
nolinium cation and not the expected
5,8-isomer.

lision-activated  dissociation (CAD)

. . ring-opening
produced a long-lived cation that

Introduction

para-Benzyne analogues have been identified as the reactive
intermediates of the very potent enediyne antitumor antibi-
otics (e.g., compound 1, Scheme 1).!'. When intercalated
into double-stranded DNA, the enediyne component con-
tained within the antitumor antibiotic undergoes a Berg-
man-type cyclization to form a o,0-biradical. Each radical
site of the biradical is thought to abstract a hydrogen atom
from the sugar—phosphate backbone of each strand of the
DNA double helix. The result is an irreversible DNA scis-
sion and eventual apoptosis of the cell.l"

A few solution studies” conducted on the reaction kinet-
ics of para-benzyne and 9,10-didehydroanthracene showed
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Scheme 1. para-Benzyne intermediate (2) formed from calicheamicin (1).

that these biradicals abstract hydrogen atoms at significantly
lower rates than analogous monoradicals.’*? To abstract a
hydrogen atom, the nonbonding electrons in these singlet
biradicals must partially uncouple in the transition state.
This uncoupling results in the loss of stabilizing spin-spin in-
teractions, which raises the transition state energy. This
energy increment has been suggested to be directly related
to the magnitude of the singlet-triplet splitting (AEg.y) of
the singlet biradical, or the energy difference between the
singlet ground state and the lowest energy triplet state®
(other parameters are now known to be important as
well®). As AE ; increases in magnitude, radical reactivity
decreases, and eventually disappears. For example, due to
their large AEg  ortho-benzyne analogues act as activated
alkynes and mainly undergo addition—elimination reactions
via nonradical mechanisms."! Along with AEq 1, the vertical
electron affinity (EA) of the radical sites, hydrogen bonding
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ability with the incoming reagent, and the dehydrocarbon
atom separation (for meta-benzynes only) have been shown
to be reactivity-controlling factors for carbon-centered o,0-
biradicals.”’

Despite the obvious importance of o,0-biradicals, the diffi-
culty in generating them cleanly, as well as their short life-
times and high reactivities, make studies of these species in
solution quite challenging.® Fortunately, the difficulties as-
sociated with condensed-phase studies can be overcome in
the gas phase by utilizing the distonic ion approach” in a
mass spectrometer. Several studies on the gas-phase reactivi-
ties of various o,0-biradicals have been published utilizing
this method.l***>% However, only one gaseous para-benzyne
has been reported in the literature,® and the results pre-
sented here cast doubt on whether the species studied was
actually a para-benzyne.

We report herein thorough experimental and computa-
tional studies on three gaseous para-benzyne analogues, 4, 5,
and 6. To better understand the observed reactions, related
monoradicals and isomeric biradicals were also examined.

OOy, O, O
N N P

7D 3 H N
H

4 5 6

Results and Discussion

To learn more about the chemical properties of para-ben-
zynes, an attempt was made to generate three such species
(4, 5, and 6), each containing a positive charge for mass
spectrometric manipulation, by cleaving two carbon-iodine
bonds in suitable precursors in the gas phase in an FI-ICR
mass spectrometer. The structures of the isolated, long-lived
ions were examined by allowing them to react with various
reagents whose reactions with aromatic carbon-centered o-
type mono- and biradicals are well understood (e.g., cyclo-
hexane, tetrahydrofuran, allyl iodide, dimethyl disulfide and,
in some cases, fert-butyl isocyanide!). The experimental re-
sults obtained for each para-benzyne are described in detail
below.

N-Deutero-1,4-didehydroisoquinolinium cation (4): Cleav-
age of two carbon-iodine bonds from the precursor, N-deu-
tero-1,4-diiodoisoquinolinium cation, was used in an attempt
to create the N-deuterated 1,4-didehydroisoquinolinium
cation (4). The reactivity of the long-lived product ion
toward several neutral reagents was examined. With a calcu-
lated S-T splitting of —3.0 kcalmol™! (BD(T)yen,), the para-
benzyne 4 was expected to react via radical mechanisms like
related monoradicals, although more slowly. We first consid-
er the reactivity of the related monoradicals.

Both 4-dehydroisoquinolinium cation (7) and N-deutero-
1-dehydroisoquinolinium cation (8) exclusively abstract a
thiomethyl (SCH;) group from dimethyl disulfide and a hy-
drogen atom from tetrahydrofuran and cyclohexane

Chem. Eur. J. 2013, 19, 9022 -9033

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

(Table 1). In addition, they both abstract an iodine atom
and an allyl group from allyl iodide. Like other similar mon-
oradicals, the reactivities of 7 and 8 depend upon their elec-
trophilicities, which can be quantified by their (calculated)
vertical electron affinities (EA, a measure of the energy re-
leased upon attachment of an electron to a radical site). An
increase in the vertical EA results in a more polar and more
stable transition state, which increases reactivity."!”! With a
calculated EA of 6.50 eV, 8 would be predicted to be more
reactive than 7 (EA: 5.79 eV). Indeed, 8 is more reactive
than 7 toward all reagents studied. For example, the reaction
efficiency of 8 with tetrahydrofuran (83%) is far greater
than the reaction efficiency of 7 with the same reagent
(39%). This same trend, although not as pronounced, was
observed for all of the neutral reagents studied.

Aromatic carbon-centered singlet o,0-biradicals with
small AE g react similarly to the monoradicals. For exam-
ple, an isomer of 4, the 4,8-didehydroisoquinolinium cation
with a calculated S-Tsplitting of —3.5kcalmol™
(BD(T)geriv), mainly undergoes radical reactions but more
slowly than related monoradicals. Hydrogen atom abstrac-
tion is the main reaction pathway observed for tetrahydro-
furan (reaction efficiency: 10%) and cyclohexane (reaction
efficiency: 2%). The main reactions observed for allyl
iodide are iodine atom abstraction followed by a secondary
iodine atom abstraction or an allyl group abstraction (over-
all reaction efficiency: 41 %). Therefore, radical reactions
were expected also for the biradical of interest, 4. However,
this cation undergoes predominant deuteron and proton
transfer to tetrahydrofuran, and predominant addition with
dimethyl disulfide (Table 1). In addition, allyl-H abstraction,
and allyl abstraction are the main reaction pathways with
allyl iodide, and simultaneous abstraction of two hydrogen
atoms (or, possibly, a hydride and a proton) was observed
with cyclohexane. This reactivity strongly suggests that the
structure of the cation generated via homolytic cleavage of
the two C—I bonds in the precursor is not 4, as expected.
Allyl-H, allyl abstraction and addition have been found to
occur via nonradical mechanisms for singlet o,0-biradicals
with large S-T splittings (i.e., ortho-benzyne analogues).’*>!!!
Hence, the reactivity of this cation (hereafter referred to as
4') suggests that it is either a biradical with a large S-T split-
ting or not a biradical at all.

Since para-benzynes are known to undergo reversible
retro-Bergman rearrangement,'? ring-opening of the de-
sired para-benzyne analogue 4 to form the unknown cation
4’ was considered as the most likely isomerization process.
The calculated (BD(T).,, barrier (i.e., activation enthalpy)
for the formation of one of the two possible enediynes, 2-
ethynylbenzonitrilium cation (9), is only 3.7 kcalmol ™,
while formation of the other enediyne, azacyclodeca-1,5,7-
triene-3,9-diyn-1-ylium cation (10), has a calculated barrier
of 15.4 kcalmol ™" (Figure 1). The lower barrier for formation
and the greater stability of 9 (34.0 kcalmol™' lower in
energy than 4 and 37.3 kcalmol™" lower in energy than 10
(BD(T)geriv); Figure 1) suggest that this enediyne is more
likely to be formed than 10.
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Table 1. Reaction efficiencies® and product branching ratios."!

N AN N2
7 M g° P A
calculated'! S-T splitting [kcal mol™] - - -3.0
calculated electron affinity [eV] 5.79 6.50 6.74
O H abs. 100 % H abs. 100 % 2xH abs. 100% H/D exchange!®!
efficiency: 18 % efficiency: 37 % efficiency: 3%

H abs. 100 %

efficiency: 39 %

I abs. 94 %
| allyl abs. 6 %
P e
efficiency: 64 %
SCHj; abs. 100 %
/S\S/

efficiency: 71 %

H abs. 100 %

efficiency: 83 %
I abs. 87 %
allyl abs. 13 %
efficiency: 73 %

SCH; abs. 100 %

DT trans. 62 %
HT trans. 28 %
H,O abs. 4%
CH,O abs. 3%
addition 3%
efficiency: 80 %

addition 59 %
allyl-H abs. 21 %
allyl abs. 20 %
H/D exchange!®!
efficiency: 1%

addition 68 %

e abs. 17 %
(2°) SCH; abs.
HSCH; abs. 15%

efficiency: 87 % efficiency: 9%

[a] Reaction efficiency (% of collisions leading to reaction) =k caciion/Keonision X 100. [b] abs. = abstraction; trans. =transfer. Secondary products are indicated
as (2°) and are listed under the primary products that produce them. [c] Calculated at the [BD(T)/cc-pVDZ—(BD/cc-pVTZ+BD/cc-pVDZ)]//UBPWI1/
cc-pVDZ level of theory. [d] Calculated at the UB3LYP/aug-cc-pVTZ//UB3LYP/cc-pVTZ level of theory. [e] Some H/D exchange occurs with surfaces

of the instrument, but it is not included in the product branching ratios.
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Figure 1. Potential energy surface for retro-Bergman rearrangement of
1,4-didehydroisoquinolinium cation (4). Enthalpies (kcalmol™) calculat-
ed at the [BD(T)/cc-pVDZ—(BD/cc-pVTZ+BD/cc-pVDZ)| level of
theory.

To test this hypothesis, the N-deuterated 2-ethynyl-benzo-
nitrilium cation (9) was generated from a commercially
available precursor, 2-ethynylbenzonitrile, and its reactivity
was compared to that of the unknown cation 4’ (Table 2).
The unknown cation and 9 react with dimethyl disulfide via
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addition (branching ratios 68 and 73 %, respectively), elec-
tron abstraction (17 and 16 %, respectively), and HSCHj; ab-
straction (15 and 11 %, respectively) with similar branching
ratios and identical reaction efficiencies (9% ). The similari-
ty in reactivity was also observed for cyclohexane, where the
unknown cation and 9 both exclusively abstract two hydro-
gen atoms (or, possibly, a hydride and a proton) at similar
reaction efficiencies (3 and 2 %, respectively). The unknown
cation and 9 also display similar reaction efficiencies (80
and 88%, respectively) with tetrahydrofuran, but yield
somewhat different products with dissimilar branching
ratios. The main reaction pathways observed for 9 and the
unknown cation are deuteron transfer (branching ratios 62
and 44 %, respectively), proton transfer (28 and 52 %, re-
spectively), and addition (3 and 3 %, respectively). However,
unlike 9, the unknown cation 4’ also abstracts H,O (4%)
and CH,0 (3%) from tetrahydrofuran, albeit slowly. The
discrepancies in reactivity are less pronounced in reactions
with allyl iodide and fert-butyl isocyanide, but should be ac-
knowledged. The branching ratios of allyl-H and allyl ab-
straction from allyl iodide for the unknown cation are 21
and 20 %, respectively, while the branching ratios of the two
reactions for 9 are 12 and 26 %, respectively, with allyl ab-
straction being the faster reaction pathway. The reaction ef-
ficiencies for the unknown cation and 9 with allyl iodide are
identical at 1%. The unknown cation and 9 undergo similar
reactions (e.g., butyl abstraction, proton transfer, and deu-
teron transfer) at similar reaction efficiencies (83 and 94 %,

Chem. Eur. J. 2013, 19, 9022 -9033
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Table 2. Reaction efficiencies® and product branching ratios."!
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N
N
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2xH abs. 100 %
H/D exchange!®!
efficiency: 3%

D+ trans. 62 %
Ht trans. 28 %
H,O abs. 4%
CH,O abs. 3%
addition 3 %
efficiency: 80 %

addition 59 %
allyl-H abs. 21 %
allyl abs. 20 %
H/D exchange!*!
efficiency: 1%

addition 68 %
e trans. 17%
(2°) SCH; abs.
HSCH; abs. 15%
efficiency: 9%

2xH abs. (or H™ abstraction followed by H* abstraction) 100 %

H/D exchange!®!
efficiency: 2%

HT trans. 52 %
DT trans. 44 %

addition 3%
efficiency: 88 %

addition 62 %
allyl abs. 26 %
allyl-H abs. 12%
H/D exchange!®
efficiency: 1%

addition 73 %
e trans. 16 %
(2°) SCH; abs
HSCHj; abs. 11 %
efficiency: 9%

Ht trans. and dissoc. 39 %
C,H; abs. 24%

+NC addition-C5H,D 21%
D+ trans. 16 %
H/D exchange!*!
efficiency: 83 %

DT trans. 7%
H/D exchange!®!
efficiency: 94 %

C,Hg abs. 45% HT trans. and dissoc. 32 %
addition-C;H;D 8 %
addition-C;H, 8 %

no reaction

no reaction

no reaction

no reaction

addition 100 %

efficiency: 0.06 %

[a] Reaction efficiency (% of collisions leading to reaction) =k caciion/Keonision X 100. [b] abs. = abstraction; trans. =transfer. Secondary products are indicated
as (2°) and are listed under the primary products that produce them. [c] Some H/D exchange occurs with surfaces of the instrument, but it is not included

in the product branching ratios.

respectively) with terz-butyl isocyanide. However, the
branching ratios of proton transfer and butyl abstraction are
39 and 24 %, respectively, for the unknown cation, whereas
the branching ratios of the two reactions for 9 are 32 and
45 %, respectively, with butyl abstraction being the faster re-
action. While the great similarities in the reactivity between
the unknown cation 4 and 9 suggest that the unknown
cation population mostly consists of ions with structure 9,
the presence of some other minor isomer(s) is also indicat-
ed.

To rule out the presence of the second possible ring-open-
ing product, 10, its generation was desired but proved to be
difficult. Since deprotonation is the most likely reaction for
this cation, the proton affinity (PA) of its conjugate base
was calculated (218.6 kcalmol '; BD(T)..:,). Based on this
value, 10 should not transfer a proton to tetrahydrofuran
(PA'=196.5 kcalmol ™) or any of the neutral reagents
studied (the PAs of dimethyl disulfide, tert-butyl isocyanide
and allyl iodide are 194.9,'% 208.1,3 and 193.4 kcalmol ™!,
respectively; the latter calculated here at the RHF-
RCCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p)  level  of
theory). This is supported by the experimental observation
that the 4-ethynylpyridinium cation (11), which has the
same acidic group and is almost of the same size (one
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carbon less), does not react with most of the neutral re-
agents studied. An addition product was observed with fert-
butyl isocyanide ; however, the reaction is very slow (0.06 %;
Table 2). In sharp contrast, enediyne 9 (PA=196.4 kcal
mol™!; BD(T)g.y) can transfer a proton to tetrahydrofuran
and fert-butyl isocyanide. The observation of proton transfer
from the unknown cation to these reagents, and the fact that
no unreactive component remains, implies that azaenediyne
10 is not formed.

The small inconsistencies observed between the reactivi-
ties of the unknown cation 4 and enediyne 9 with allyl
iodide and tetrahydrofuran indicate that a small amount of
some isomer, in addition to 9, is present. Especially, the ob-
servation of slow H,0O and CH,O abstractions from tetrahy-
drofuran is interesting. These reactions do not occur for 9.
However, ortho-benzynes have been observed to undergo
facile addition—elimination reactions, including H,O and
CH,O abstractions from tetrahydrofuran.!"'® Three isomeric
ortho-benzyne analogues (12-14) were identified as possible
rearrangement products of the desired para-benzyne ana-
logue 4. The reactivities of these ortho-benzyne analogues
toward tetrahydrofuran and allyl iodide were examined and
compared to the reactivity of 4 (Table 3). Like the unknown
cation 4/, all three ortho-benzynes abstract H,O and CH,O

www.chemeurj.org
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Table 3. Reaction efficiencies!!! and product branching ratios."

X = \\
) : e
2 N > tl\ H
12 13 14
calculated'! S-T splitting [kcalmol™'] —29.014 —25.34 —30.6!¢!
calculated” electron affinity [eV] 6.52 6.57 5.80

CH,O abs. 61%
H,O abs. 39%

efficiency: 88 %

addition 72 %
allyl-H abs. 21 %
allyl abs. 7%
efficiency: 44 %

/\/'

H,O abs. 43%
addition 32 %
CH,O abs. 8%
H™ abs. 6%

Ht transfer 6%
2xH abs. 5%
efficiency: 95 %

allyl-H abs. 73 %
allyl abs. 17 %
addition 10 %
efficiency: 69 %

H,O abs. 67 %
addition 19 %
CH,O abs. 14%

efficiency: 65 %

allyl-H abs. 71 %
allyl abs. 18 %
addition 11 %
efficiency: 61 %

[a] Reaction efficiency (% of collisions leading to reaction) = k.aciion/Keonision % 100. [b] abs.=abstraction; secondary products are indicated as (2°) and are
listed under the primary products that produce them. [c] Calculated at the RHF-UCCSD(T)/cc-pVTZ//UBPW91/cc-pVDZ level of theory. [d] For this
molecule, the lowest energy triplet state has A’ symmetry. [e] For this molecule, the lowest energy triplet state has A’ symmetry. [f] Calculated at the

UB3LYP/aug-cc-pVTZ//UB3LYP/cc-pVTZ level of theory.

from tetrahydrofuran at high efficiencies (49-88 % ). The ion
population 4" and enediyne 9 react with tetrahydrofuran at
comparable efficiencies (80 and 88%, respectively). Since
the H,O and CH,O abstractions occur at a combined effi-
ciency of 7% (H,O abstraction at 4% and CH,O abstrac-
tion at 3%) for 4, the proportion of the unknown isomer in
4’ is estimated to be 3-6 %. A significant amount of addition
was also observed for the ortho-benzynes 13 and 14. Al-
though a minor addition product was formed for the un-
known ion population 4', consideration of the relative
branching ratios of the products formed from the enediyne
9 and the unknown ion population 4' suggests that most if
not all of the addition product of 4’ arises from enediyne 9.
ortho-Benzyne analogue 12 is the only ortho-benzyne
isomer studied that does not undergo the addition reaction,
which supports this isomer as being the additional isomer in
the ion population 4'.

The ortho-benzyne analogues react with allyl iodide at
substantially greater efficiencies (44-69 %) than either 4’ or
9 (1% for both; Table 2). If one of these ortho-benzyne iso-
mers is present in the ion population 4’ at a level of 3-6%,
as estimated above, its reactivity toward allyl iodide should
dominate over that of 9. Because the most favorable reac-
tion pathway for 13 and 14 with allyl iodide is allyl-H ab-
straction, followed by allyl abstraction and addition, while
the most favorable reaction pathway for 12 is addition fol-
lowed by allyl-H abstraction and allyl abstraction, as ob-
served for 4, it appears that the unknown ortho-benzyne an-
alogue in the ion population 4’ is 12. This isomer is also cal-
culated to be the most stable among the three ortho-ben-
zyne isomers considered (Figure 2).

The rearrangement of 4 to 9 (and 12) may take place
either during the CAD event used to generate 4, after gen-
eration due to excess internal energy that 4 gained when
formed, or in the ion-molecule complex formed between 4

www.chemeurj.org
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Figure 2. Relative enthalpies (kcalmol™') of isomeric ortho-benzynes cal-
culated at the RHF-UCCSD(T)/cc-pVTZ//UBPW91/cc-pVDZ level of
theory.

and a neutral reagent molecule before or during a reaction.
To determine when the rearrangement is occurring, Brau-
man’s double well potential energy surface must be consid-
ered.!! Since these gas-phase ion-molecule reactions occur
in a high vacuum environment, the reactions are free from
solvent effects, with the exception of the formation of the
initial collision complex. lon—dipole forces between the ion
and the molecule lower the potential energy of the collision
complex, which, in turn, increases the vibrational and rota-
tional energy of the system. This increase in vibrational and
rotational energy can be used to overcome reaction barriers,
but not drive endothermic reactions or reactions with a bar-
rier above the energy of the isolated reactants. Reaction
rates are controlled by the difference in energy between the
reactants and the transition state. The retro-Bergman rear-
rangement barrier for 4 (3.7 kcalmol'; Figure 1) to form 9
is low enough to be overcome in many collision com-
plexes,'*! but possibly not in the complex with cyclohexane.
Since cyclohexane is nonpolar and does not have a dipole,
the solvation energy it provides is very small compared to
the other reagents studied. If para-benzyne 4 were to retain
its structure before collision with cyclohexane, it should not
rearrange in the complex with cyclohexane, but react by hy-

Chem. Eur. J. 2013, 19, 9022 -9033
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drogen atom abstraction. Indeed, two hydrogen atom ab-
stractions (or, possibly, a hydride and a proton abstraction)
were observed. However, two hydrogen atom abstractions
(likely a hydride and a proton) were also observed for ene-
diyne 9 and at the same efficiency as for 4, suggesting that 4
has already isomerized to 9 before the collision complex is
formed.

To gain further insight on how 9 and 12 might be formed
during the (attempted) generation of 4 by using CAD, the
C—I homolytic bond dissociation energies for the precursor
of 4, the 1,4-diiodoisoquinolinium cation, were calculated at
the (U)B3LYP/6-311G(d,p)//(U)B3LYP/6-311G(d,p) level of
theory to be 66.1 kcalmol™' for the C-1 position and
65.4 kcalmol ™' for the C-4 position. Based on the similarity
of these values, either C—I bond can cleave during the first
SORI-CAD event to form two isomeric monoradicals. The
lowest energy reaction pathway for both monoradicals is the
formation of 23 via ring-opening followed by iodine atom
loss (for the 4-dehydro-1-iodo isomer, see Figure 3; the high-
est energy barriers for the 4-dehydro-1-iodo and 1-dehydro-
4-iodo isomers are calculated to be 44.8 and 47.8 kcalmol !,
respectively, not shown). Direct iodine atom loss would re-
quire a lot more energy (63.5 for the 4-dehydro isomer and
62.8 for the 1-dehydro isomer, not shown). Formation of
ortho-benzyne 12 requires about 10 kcalmol™ more energy
than formation of 23 for the 4-dehydro isomer (Figure 3),
which explains why only a small amount of this cation was
observed. A mechanism for the formation of 12 that is in
agreement with our calculations (Figure 3) and deuterium
labeling experiments is proposed in Scheme 2. ortho-Ben-
zyne 14 cannot be formed from the 1-dehydro isomer since
this would require even more energy than the direct iodine
atom cleavage (86.1 kcalmol™). This is in agreement with
our experimental results indicating that 14 is not generated.

One experimental detail still needs to be delineated.
While the unknown cation population 4" and the enediyne 9

1.

%
/,N+

+HI

FULL PAPER

20 15 16
D o )
X Z1e A X
(ip*
12 19 18

Scheme 2. Proposed mechanism for the formation of deuterated 12 after
the generation of deuterated monoradical 15.

show similar reactivity, suggesting that most of the ions in
the unknown ion population have the structure 9 and not 4,
the extent of proton and deuteron transfer to tetrahydrofur-
an is significantly different (Table 2). The enediyne generat-
ed upon ring-opening of the desired para-benzyne (Figure 1)
carries a deuterium on the nitrogen atom (this is where the
deuterium was placed upon ionization of the precursor, 1,4-
diiodoisoquinoline). Hence, 4’ is expected, and was ob-
served, to mostly transfer a deuteron to tetrahydrofuran. In
sharp contrast, the authentic (deuterated) enediyne 9 trans-
fers roughly an equal amount of protons and deuterons to
tetrahydrofuran. To understand why this is occurring, the
proton affinities at each heavy atom of the conjugate base
of 9 were calculated (Figure 4). As expected, the aromatic
carbon atoms are not optimal sites for protonation. Interest-
ingly, the proton affinities of the two most basic sites, the
terminal carbon atom of the alkyne group and the nitrogen
atom of the nitrile group, are similar (188.2 and. 195.4 kcal
mol ™!, respectively). Based on these calculations, the ob-
served transfer of both a
proton and a deuteron from 9
to tetrahydrofuran is not sur-
prising. When the conjugate
base of 9 (24) is ionized by

18
821 ',_6;—1 deuteron transfer, it is likely to
S e be deuterated at both the ni-
— NN . .
L complex@f trile and the terminal alkyne
448 -

functionalities. When deutera-
A tion occurs at the nitrile group,
Y only a deuteron will be availa-

24i_1| ble for transfer to tetrahydro-
©i\ . furan. However, when deutera-
12”/N tion occurs at the ethynyl

group, the proton already pres-
ent at the terminal carbon
atom of the alkyne group and
the added deuteron are both
available for transfer to tetra-

Figure 3. Potential energy surface for the formation of 4, 12, and 23 from 1-iodo-4-dehydroisoquinolinium

cation (15). Enthalpies (kcalmol ™) calculated at the (U)B3LYP/6-311G(d,p)//(U)B3LYP/6-311G(d,p) level of

theory.
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Figure 4. Calculated (G3MP2B3) proton affinities (kcalmol™') at each
heavy atom of the conjugate base of 9.
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Scheme 3. Proposed sites for deuteration of 24.

The branching ratios for proton transfer (52%) and deu-
teron transfer (44 %; Table 2) observed for deuterated ene-
diyne 24 suggest that both the alkyne group and nitrile
group are deuterated, but the alkyne group with a signifi-
cant preference for an as yet unknown reason. Finally, the
observation of some proton transfer for 4’ is likely a result
of an intermolecular transfer (facilitated by tetrahydrofuran)
of the deuteron from the nitrogen atom of the nitrile group
to the terminal carbon atom of the alkyne group. After

Table 4. Reaction efficiencies'® and product branching ratios."!

transfer to the alkyne group, both a proton and a deuteron
are available for transfer to tetrahydrofuran.

5,8-Didehydroisoquinolinium cation (5): The 5,8-didehydro-
isoquinolinium cation has been studied previously, and was
found to undergo radical reactions, albeit very slowly.[%!
However, the finding of a facile ring-opening for the 1,4-
diiodoisoquinolinium cation after iodine atom loss warrant-
ed a re-examination of 5. To control the site of the first
cleavage, a different precursor (protonated 5-iodo-8-nitro-
isoquinoline, instead of protonated 5,8-dinitroisoquinoline)
was used to generate S. The nitro group in the new precur-
sor cation cleaves first, yielding the 8-dehydro-5-iodoisoqui-
nolinium cation as the intermediate. When this cation was
subjected to SORI-CAD, a cation believed to be 5 was gen-
erated. Surprisingly, after the cation was isolated, it was
found to be completely unreactive toward tetrahydrofuran,
allyl iodide, cyclohexane, and dimethyl disulfide. Very slow
addition to fert-butyl isocyanide and HCN abstraction from
this reagent were observed. This reactivity is drastically dif-
ferent from what was expected, since the related monoradi-
cals, the 5- (26) and 8-dehydroisoquinolinium cations (27),
show typical radical reactivity (Table 4; monoradical 27 is
more reactive than 26 due to its greater (calculated) EA;
27:5.25eV; 26: 5.08 eV). This reactivity is also distinctly dif-
ferent from that reported for this molecule in the earlier
study.® Hence, the new long-lived cation generated upon
loss of a nitro group and an iodine atom from 5-iodo-8-ni-
troisoquinolinium cation is concluded not to be §, and it will
be referred to as 5" hereafter.

A retro-Bergman rearrangement immediately after the
formation of 5 from the new precursor might explain the

S
N

O C
N N

+°H : +H v H
2 27 5
calculated' S-T splitting [kcalmol '] - - -24
calculated electron affinity [eV] 5.08 5.25 5.61
O H abs. 100 % H abs. 100 % no reaction
efficiency: 3% efficiency: 3%
CO; H abs. 100 % H abs. 100 % no reaction
efficiency: 8 % efficiency: 25 %
I abs. 98 % I abs. 100 % no reaction
A allyl abs. 2%
efficiency: 36 % efficiency: 43 %
/S‘S/ SCHj; abs. 100 % SCHj; abs. 100 % no reaction

efficiency: 33 %

CN abs. 94 %
HCN abs. 6%
efficiency: 63 %

-

efficiency: 34 %
CN abs. 100 % addition 93 %
HCN abs. 7%

efficiency: 68 % efficiency: 0.3 %

[a] Reaction efficiency (% of collisions leading to reaction) =k caciion/Keonision X 100. [b] abs. = abstraction; trans. =transfer. Secondary products are indicated
as (2°) and are listed under the primary products that produce them. [c] Calculated at the [BD(T)/cc-pVDZ—(BD/cc-pVTZ+BD/cc-pVDZ)]//UBPWI1/
cc-pVDZ level of theory. [d] Calculated at the UB3LYP/aug-cc-pVTZ//UB3LYP/cc-pVTZ level of theory
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unexpected reactivity. However, this biradical cannot form
an acidic enediyne (like 9, a protonated nitrile, discussed
above) because the biradical moiety is in the benzene ring,
not the pyridine ring. Instead, an enediyne with the acidic
proton on the pyridine nitrogen (much less acidic than a
protonated nitrile) can be formed (33; Scheme 4). The

62.2

CAD
- | .

I | :

X

_N'

: +
/N\H -&02 . “H ‘> /N\H
NO,
28 29 30
0.0 56.8
I ¥ I \
N
N | X H.~ X H 7 X
N N | T NT
& H & H Vi H
33 32 31
46.4 53.0 51.8

Scheme 4. Proposed mechanism for the formation of 33 from 29. Relative
enthalpies (kcalmol™") are shown below each structure and were calculat-
ed at the (U)B3LYP/6-311G(d,p)/(U)B3LYP/6-311G(d,p) level of
theory.

chemical properties of a similar enediyne, 11, were discussed
above (Table 2). Enediyne 11 showed no reactivity towards
tetrahydrofuran, allyl iodide, cyclohexane, or dimethyl disul-
fide, and slow addition was observed for tert-butyl isocya-
nide (Table 2). These findings are consistent with the hy-
pothesis that §’ actually has the structure 33.

To further explore the process used to generate 5, the
monoradical (29) formed by cleaving the nitro group from
5-iodo-8-nitroisoquinolinium cation (28) was isolated and al-
lowed to react with tetrahydrofuran (Scheme 5). Monoradi-
cal 29 reacts exactly like monoradical 27: only hydrogen

isolated
| |
/N\H ".‘102 N /N\H
NO,
28 29

31

Scheme 5. Generation of 29 and its reactivity toward tetrahydrofuran.
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atom abstraction was observed at the same efficiency (25 %;
Table 4). Thus, it appears unlikely that any rearrangement
takes place during the first CAD event.

The above findings suggest that ring-opening required to
form 33 takes place either during or after the second CAD.
At the BD(T)yeriv level of theory, the calculated activation
enthalpy for retro-Bergman rearrangement of 5 via cleavage
of the C6—C7 bond is 10.0 kcalmol™ (that for cleavage of
the C4a—C8a bond is 15.9 kcalmol™). Considering that the
solvation energies for gas-phase ion-molecule complexes
are typically 5-20 kcalmol™",” and that they are lowest for
hydrocarbons with no permanent dipole moment, one can
assume that if § had retained its structure prior to collision
with cyclohexane, hydrogen atom abstraction (instead of re-
arrangement) should be observed. However, no reaction
was observed, further supporting the hypothesis that 5 had
already rearranged before this collision.

To determine whether ring-opening during the second
CAD event occurs before or after the loss of the iodine
atom, several possible pathways were examined computa-
tionally. The results indicate that ring-opening of 29 via the
process shown in Scheme 4 requires substantially less energy
than the loss of the iodine atom.

The final issue that needs to be addressed is why 5 was
found to behave so differently than that observed in the ear-
lier study.[® Therefore, the dinitro precursor used in the ear-
lier study to generate 5 was resynthesized by using the same
published protocol.l'®! Surprisingly, based on X-ray charac-
terization of the product (see the Supporting Information),
this synthesis yields 5,7-dinitro-isoquinoline instead of 5,8-
dinitroisoquinoline. Hence, the biradical examined in the
earlier study™! was not 5 or 5’ but the isomeric 5,7-didehy-
droisoquinolinium cation.

2,5-Didehydropyridinium cation (6): To generate the para-
benzyne analogue 6, two consecutive SORI-CAD events
were applied to the 2,5-diiodopyridinium cation to cleave
the two carbon-iodine bonds. The product cation (6') was
isolated and allowed to react with several neutral reagents.
The dominating reaction was proton transfer, a nonradical
reaction, which was not observed for the related monoradi-
cals, 2-dehydropyridinium cation (34) and 3-dehydropyridi-
nium cation (35) (Table 5). The proton affinities (PA) for
tetrahydrofuran, dimethyl disulfide, fert-butyl isocyanide,
and allyl iodide are 196.5,1%1 194.9,1%1 208.1,% and 193.4 kcal
mol ™!, respectively (the last calculated here at the RHF-
RCCSD(T)/6-311G(d,p)//B3LYP/6-311G(d,p)  level  of
theory). The PA of 2,5-didehydropyridine (the conjugate
base of 6) is calculated to be 200.1 kcalmol™! (RHF-
BCCD(T)/cc-pVTZ//UBPW91/cc-pVDZ). Hence, proton
transfer from 6 to tert-butyl isocyanide is exothermic, but it
is endothermic for all of the other neutral reagents. Howev-
er, proton transfer to all of the neutral reagents occurs quite
rapidly (Table 5), and this suggests that the long-lived ion
generated in the above experiment (6") does not have struc-
ture 6.
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Table 5. Reaction efficiencies!!! and product branching ratios."

O .| X ol X

) m y

H H H

34 35 6

calculated'! S-T splitting [kcalmol™'] - - —49
calculated electron affinity [eV] 6.6914 6.1314 7.0314

H abs. 100 %
efficiency: 76 %

I abs. 84 %
Allyl abs. 16 %
efficiency: 69 %

SCH; abs. 100 %

H abs. 100 %
efficiency: 38 %

I abs. 90 %
Allyl abs. 10%
efficiency: 57 %

SCH; abs. 100 %

H* trans. 100 %
efficiency: 99 %

H* trans. 100 %
efficiency: 31 %

H* trans. 100 %

_ H abs. 5%
SSCH; abs. 1%
efficiency: 79 %

CN abs. 94%
<~‘NC HCN abs. 6%

efficiency: 93 %

efficiency: 77 % efficiency: 96 %
CN abs. 96 %
HCN abs. 4%
efficiency: 87 %

H* trans. and dissociation 76 %
C,Hg abs. 24 %
efficiency: 99 %

[a] Reaction efficiency (% of collisions leading to reaction) =k caciion/Keonision X 100. [b] abs. = abstraction; trans. =transfer. Secondary products are indicated
as (2°) and are listed under the primary products that produce them. [c] Calculated at the BD(T)/cc-pVTZ//UBPW91/cc-pVDZ level of theory. [d] Calcu-

lated at the UB3LYP/aug-cc-pVTZ//UB3LYP/cc-pVTZ level of theory.

Two possible isomeric enediynes (39 and 40) can be gen-
erated upon retro-Bergman rearrangement of 6 (paths a and
b; Scheme 6). The lowest-energy barrier (to form 39) is
8.3 kcalmol™" (path a; Scheme 6; BD(T)/BS-I1I), which is
lower by 12.5 kcalmol™!' than the ring-opening barrier to
form 40 (path b; Scheme 6). These results suggest that ene-
diyne 39 may be formed from 6. To further explore which
enediyne was formed in the experiments discussed above,
the proton affinities of the conjugate bases of the two ene-
diynes, 36 and 37, were computed (190.7 and 204.6 kcal
mol !, respectively; RHF-UCCSD(T)/cc-pVTZ//UBPW91/

N

+ X A
'| o~ _H . O. _a . |

N N, AH'= 83 keal mol!

H N 7

H/ +

38 6 39

PA = 200.1 kcal mol’
b >.< AH*= 20.8 kcal mol!

N
N
I

N
40 36
PA = 190.7 kcal mol’!
fir
A
|
N
=
37

PA = 204.6 kcal mol™

Scheme 6. Possible ring-opening pathways for 6.
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cc-pVDZ). The calculated proton affinities show that 40
cannot transfer a proton to tetrahydrofuran, dimethyl disul-
fide, or allyl iodide, since all these reactions are endothermic
and that only 39 can transfer a proton to these neutral re-
agents.

To explore whether enediyne 39 is formed upon ring-
opening of 6 or before formation of 6, computational studies
were carried out to explore the various possible processes
occurring upon CAD after cleavage of the first iodine atom
from 2,6-diiodopyridinium cation. The two carbon-iodine
bonds have similar strengths (position 2: 69.1 kcalmol™'; po-
sition 5: 67.4 kcalmol™!) and hence, both are probably
cleaved. The computational results suggest that again, ring-
opening of the monoradicals generated upon the first iodine
atom loss is a lower energy process than loss of the remain-
ing iodine atom to generate 6 (for the 2-monoradical, see
Scheme 7).

[ |
X X S -|®
L J, —= \m — - /j
e ‘ * H ll

E CAD E,; H N, N,
H H

41 42 43 39

0.0 535 411 35.1

Scheme 7. Proposed mechanism for the formation of 39 from 41. Relative
enthalpies (kcalmol ™) are shown below each structure and were calculat-
ed at the (U)B3LYP/6-311G(d,p)//(U)B3LYP/6-311G(d,p) level of
theory.
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Conclusion

The generation of three positively-charged para-benzyne an-
alogues was attempted by two CAD events of appropriate
precursor cations in an FT-ICR mass spectrometer. When
the reactivities of the isolated, long-lived cations were com-
pared to those of analogous monoradicals and isomeric bi-
radicals, none of these cations behaved like para-benzyne
analogues. The experimental and quantum chemical findings
indicate that upon CAD of the monoradical precursors,
ring-opening rather than iodine atom cleavage occurred,
yielding an enediyne rather than the para-benzyne. While
two possible enediyne isomers exist for each para-benzyne
analogue, only the more stable one was formed for two of
them. The generation of one of the para-benzyne analogues,
the 1,4-didehydroisoquinolinium cation, is further complicat-
ed by the competing formation of an isomeric ortho-benzyne
analogue, the 2-dehydroisoquinolinium radical cation, via a
rearrangement reaction.

Finally, a previously reported®! para-benzyne analogue,
the 5,8-didehydroisoquinolinium cation 5, was reexamined
since it displayed different reactivity from that observed
here. The synthetic route™ utilized in the literature re-
port® for the para-benzyne precursor, 5,8-diiodoisoquino-
line, was found not to produce a para-benzyne but instead a
meta-benzyne precursor, the isomeric 5,7-diiodoisoquinoline.
Upon protonation and two CAD events, this precursor
yields the 5,7-didehydroisoquinolinium cation that under-
goes very slow radical reactions.®!

Experimental Section

Cyclohexane, tetrahydrofuran, allyl iodide, dimethyl disulfide and tert-bu-
tylisocyanide were purchased from Sigma-Aldrich and used as received.
The precursors for 4, 9, 14, 34, and 35, namely, 1,4-diiodoisoquinoline
(Ubichem PLC), 2-ethynylbenzonitrile (Apollo Scientific, Ltd.), 4-bro-
moisoquinoline (Sigma-Aldrich), 2-iodopyridine (Sigma-Aldrich), and 3-
iodopyridine (Sigma-Aldrich), respectively, were obtained commercially
and used as received. The precursors for 7, 8, 11, 12, and 13, namely, 4-io-
doiso-quinoline, 1-iodoisoquinoline, 4-ethynylpyridine, 1-iodoisoquinoline
and 3-iodoisoqui-noline, respectively, were synthesized using literature
methods."” Similarly, the precursors for 5 and 26, 5-iodo-8-nitroisoquino-
line and 5-iodoisoquinoline, respectively, were synthesized using litera-
ture procedures.'™ Alkyne 11 was generated from commercial 4-ethynyl-
pyridine (TCI America) and 6 from 2,5-diiodopyridine (Sigma-Aldrich).
8-Todoisoquinoline (precursor for 27) was synthesized as described below.
A mixture of 8-aminoisoquinoline (0.48 g, 3.36 mmol) (Carbocore), con-
centrated HCI (3 mL), and H,O (3 mL) was cooled in an ice-salt bath to
—5°C. After cooling, a solution of NaNO, (0.28 g, 4.03 mmol) in H,O
(2 mL) was added dropwise to give a red solution. The solution was stir-
red for 15 min, and a solution of KI (1.12 g, 6.73 mmol) in H,O (3 mL)
was added. The mixture was then heated for 3 h at 100°C, cooled, and
basified with aqueous NH;. The reaction mixture was extracted with di-
chloromethane and the organic layer was washed with 5% sodium meta-
bisulfite followed by brine solution. The organic layer was dried with
sodium sulfate. The product was isolated (0.52 g, 60 %) by using column
chromatography (silica gel; CH,Cl,/MeOH =95:5). '"H NMR (400 MHz,
CDCI3): 6=7.30 (t, J=79Hz, 1H), 7.44 (d, /J=5.6 Hz, 1H), 7.71 (d, /=
7.1Hz, 1H), 8.05 (d, /J=7.7Hz, 1H), 8.54 (d, /J=5.7 Hz, 1H), 9.35 ppm
(s, 1H); ®*CNMR (400 MHz, CDCI3): 6=97.8, 119.9, 127.4, 128.7, 131.1,
136.9, 138.7, 143.9, 156.6 ppm; ESI-MS: m/z: 256 [M+H]*.
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All experiments were performed in a previously described®™! 3-T Finni-
gan FTMS 2001 dual-cell Fourier transform ion cyclotron resonance mass
spectrometer (FT-ICR). A proton or a deuteron was attached to the radi-
cal precursors by using self-chemical ionization, or methanol or
[DgJacetone (Sigma—Aldrich) chemical ionization. Deuteration prevents
isobaric contamination of the protonated precursor by the *C isotope of
the molecular ion, which would have the same m/z value as the protonat-
ed precursor. This method was used only when a significant amount of
precursor molecular ions, along with the protonated precursors, was pres-
ent.

The protonated (or deuterated) precursors were isolated and transferred
from one cell into the other cell. Radical sites were generated via sus-
tained off-resonance irradiation collision-activated dissociation®! (SORI-
CAD) and the resulting radicals were cooled for one second by allowing
IR emission and collisions with argon gas. The cations were then isolated
using previously published methods.*!) All cations were allowed to
react with neutral reagents for variable periods of time.[*5*1% The
second-order reaction rate constants (Ke,cion) Were measured, and the re-
action efficiencies ((Keaction/Keonsion) X 100%) were determined using previ-
ously described methods.”®!>?*) While the accuracy of the efficiency
measurements is estimated to be only +50 %, the precision of the meas-
urements is estimated to be less than +10%.

Geometries for all species were computed by using density functional
theory (DFT) with either the correlation-consistent polarized valence-
double-g (cc-pVDZPY) basis set, the correlation-consistent polarized va-
lence-triple-C (cc-pVTZPY) basis set or the 6-311G(d,p)* basis set.
Hereafter, these basis sets will be referred to as BS-I, BS-II, and BS-III,
respectively. These DFT calculations use the gradient-corrected exchange
functional of Becke,™ which is combined with either the gradient-cor-
rected correlation functional of Lee, Yang and Parr®! (B3LYP) or that of
Perdew et al.®® (BPW91). All DFT geometries were verified to be local
minima by computation of analytic vibrational frequencies, and these
(unscaled) frequencies were used to compute zero-point vibrational ener-
gies (ZPVE) and 298 K thermal contributions (Hs—E,) for all species.
DFT calculations for doublet states of monoradicals, and triplet states of
biradicals, employed an unrestricted formalism. Total spin expectation
values for Slater determinants formed from the optimized Kohn-Sham
orbitals did not exceed 0.77 (with the exception of 26: 0.88) and 2.02 for
doublet and triplet states, respectively. For singlet biradicals, the DFT
“wave function” was allowed to break spin symmetry by using an unre-
stricted formalism.”®! Total spin expectation values for Slater determi-
nants formed from the optimized Kohn-Sham orbitals in these cases
ranged widely between 0.0 and 1.0. Geometry optimization using the un-
restricted formalism has been shown to give more accurate geometries
for a number of relevant aromatic biradicals.**?"

To compute vertical electron affinities for the charged aryl radicals,
single-point calculations (B3LYP/aug-cc-pVTZ37) using the B3LYP/BS-
II optimized geometry for each monoradical or biradical were also car-
ried out for the states that are produced when a single electron is added
to the nonbonding o orbital (or one of the two such orbitals) of each mol-
ecule.” Thus, for the monoradicals (doublet ground states), these calcu-
lations were carried out for (zwitterionic) singlet states, whereas (zwitter-
ionic) doublet states were computed for each of the biradicals (singlet in-
itial states).’” The vertical electron affinities of the charged aryl radicals
were computed as either [E, (monoradical; doublet state)]—[E, (monora-
dical+electron; singlet state)] or [E, (biradical; singlet state)]—[E, (bira-
dical+electron; doublet state)]. Note that because these are vertical elec-
tron affinities, zero-point vibrational energies (ZPVEs) and 298 K ther-
mal contributions to the enthalpy are not included.

Coupled-cluster calculations for single-configuration reference wave
functions expanded in Brueckner®™ (BD(T)) orbitals were carried out
for some of the species by using BS-II and including all single and double
excitations and a perturbative estimate for triple excitations. Brueckner
orbitals eliminate contributions from single excitations in the coupled-
cluster ansatz, and this alleviates instabilities®! associated with very large
singles amplitudes in the more common CCSD(T) method that have pre-
viously been observed for aromatic biradicals having low degrees of sym-
metry.?®! The BD(T) calculations were of the single-point variety and
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were carried out by using the BPW91/BS-I optimized geometries. In ad-
dition, two types of BD(T) calculations were performed for the mole-
cules studied here: 1) “direct” BD(T)/BS-II, and 2) “derived” BD(T)/BS-
II. The latter method (hereafter referred to as “BD(T)deriv”) was used
for many of the larger molecules and involves the following single-point
calculations: BD(T)/BS-I, BD/BS-II and BD/BS-1. By using these three
single-point energies, a “derived” BD(T)/BS-II energy is obtained as:
[BD(T)/BS-1-(BD/BS-1I+BD/BS-I)]. All BD(T) calculations employed
a restricted Hartree-Fock (RHF) reference for closed-shell molecules
and an unrestricted Hartree-Fock (UHF) reference for open-shell mole-
cules. Finally, in a few cases, coupled-cluster calculations were performed
at either the RHF-(U)CCSD(T)/BS-1I//UBPW91/BS-1 or the RHF-
BCCD(T)/BS-1I//UBPW91/BS-I level of theory. For the former calcula-
tions, the T1 diagnostic did not exceed 0.023.

Molecular orbital calculations were carried out with the Gaussian 03
and Molpro® electronic structure program suites.
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