University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Brydon, SC;Thomson, C;0’Hair, RAJ;White, JM

Title:
Electronic and Steric Effects on the Reactivity of Seleniranium lons with Alkenes in the
Gas Phase

Date:
2023-07-21

Citation:

Brydon, S. C., Thomson, C., O’Hair, R. A. J. & White, J. M. (2023). Electronic and Steric
Effects on the Reactivity of Seleniranium lons with Alkenes in the Gas Phase. Journal of
Organic Chemistry, 88 (14), pp.9629-9644. https://doi.org/10.1021/acs.joc.2c02233.

Persistent Link:
https://hdl.handle.net/11343/332887



The Journal of Organic Chemistry

Steric and Electronic Effects on the Reactivity of Seleniranium Ions with
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aSchool of Chemistry and Bio21 Institute, The University of Melbourne, Parkville, VIC 3010, Australia

ABSTRACT

Gas phase ion-molecule reactions between seleniranium ions, R-c-SeCH>CH:", and cis-cyclooctene
were used to probe steric and electronic effects of substituents on kinetics and branching ratios. The
second order rates increased in the order: p-OMeCsHs < CeHs < p-BrCsHa < p-CF3CeHs < m-NO,CeH4
giving a Hammett plot with R* = 0.98 and p = +1.66. The two main pathways include direct transfer of
the selenium moiety to the incoming alkene (w-ligand exchange) and the less favoured ring-opening by
attack at an iranium carbon giving a cis-bicyclic selenonium ion as supported by density functional
theory (DFT) calculations. Branching ratios of each pathway indicated that electron withdrawing groups
directed more attack at carbon than the selenium in agreement with previous solution phase results.
Increased steric bulk on the selenium was investigated by changing the R group from a methyl to #-
butyl, which not only shut down n-ligand exchange, but also significantly reduced overall reactivity.
Finally, the reactivity of the iranium ion derived from Se-methylselenocysteine was investigated and
shown to react faster and favour n-ligand exchange as the leaving group was changed from ethene to
acrylic acid.
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Scheme 1. Potential reaction pathways of enantioenriched seleniranium ion 1 (A) nucleophilic attack
at carbon to afford addition products 2 or 2” with retention of stereochemistry, (B) racemisation via
bond rotation, or (C) nucleophilic attack at selenium leading to racemisation.

Seleniranium ions have the general structure 1 and can be formed through the displacement of a suitable
B-leaving group or by the addition of a selenium electrophile to a carbon-carbon double bond."* When
enantioenriched, ring opening of these intermediates by nucleophiles in principle affords products 2 or
2’ with retention of stereochemical integrity, noting that intramolecular nucleophiles furnish cyclised
products (Path A, Scheme 1). This pathway has been exploited by many groups to functionalise alkenes



with the aim to develop methods that are both enantioselective and catalytic as highlighted in several
recent reviews,”’ where Denmark and co-workers have established Lewis base activation of the
intermediate seleniranium ion as a particularly useful approach for several transformations.®'"
However, there are two plausible racemisation pathways available to chalcogen iranium ions that must
be controlled to minimise loss of enantiopurity.” '' The first is ring opening to give a carbocation 1’
followed by bond rotation, which can be minimised by judicious choice of the substituents on the ring
carbons (Path B, Scheme 1). The second is preventing nucleophilic attack at the electrophilic selenium,
which is more challenging as illustrated by numerous reports in the literature of configurational
scrambling by deselenylation from either inter- (including counterions or solvent) or intramolecular
(e.g. pendant alcohols or carboxylic acids) nucleophiles generating the electrophilic reagent 3, which
can be recaptured by the alkene leading to racemisation of the initial seleniranium ion 1 (Path C,
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Scheme 2. Effect of varying the arylseleno group on enantiospecificity (es, %) in (a) seleno-Ritter
reaction proceeding via intermolecular capture of seleniranium ion 5 (ratio of products 6:6’
approximately 9:1),'® and (b) acid mediated carbonate ring-opening of 7 proceeding via intramolecular
capture of seleniranium ion 8.° The discrepancies between the two studies for the enantiospecificity
outcomes of the 2- and 4-trifluoromethylphenyl substituents may plausibly be due to the intramolecular
nature of the nucleophile in (b) allowing for more competitive deselenylation.

The most effective methods developed to suppress this pathway involve blocking nucleophiles from
directly attacking at the selenium. The use of steric bulk has been employed by Toshimitsu and co-
workers in a seleno-Ritter reaction, where increasing the size of the substituents on the aryl ring ortho
to the selenium led to complete retention of stereochemical purity (a, Scheme 2)."*'7 Electron
withdrawing groups such as the 4-trifluoromethylphenyl substituent also decreased racemisation with
an optical yield of 70% obtained compared to 13% for the unsubstituted phenyl group.'® A similar
strategy was used by Denmark and co-workers for carbonate ring-opening reactions with a 2,6-
bis(trifluoromethyl)phenyl on the selenium resulting in >99% es due to a combination of steric bulk
disfavouring attack at the selenium and the electron withdrawing nature of the substituents activating
the endocyclic carbons of the seleniranium ion towards nucleophilic attack (b, Scheme 2).° In the latter
study, retention of enantiopurity was obtained with the more strongly electron withdrawing 2-
nitrophenyl substituent, where an additional through-space no-o*s..c interaction was postulated to
explain the >99% es stereochemical outcome. This chalcogen bonding interaction has been invoked to
rationalise the outcomes in a number of enantioselective reactions proceeding via seleniranium ions and
observed in crystal structures of ortho-substituted phenylselenyl species.'* '* ' Toshimitsu also found
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that a 2-pyridyl substituent gave excellent enantiopurity in a variety of reactions,”” *! but reactions of
2-pyridylselenyl halides with alkenes by Potapov et al. suggest substantial involvement of a five-
membered cyclic pyridinium ion.*

Outside of the effects of ortho substituents on the racemisation of seleniranium ions, little attention has
been paid to electronic effects of meta or para substituents on their configurational stability. Denmark
found that the electron donating 4-methoxyphenyl reduced the es to 5% compared to the unsubstituted
phenyl 17%, which was lower than the 27% attained using the electron withdrawing 4-
trifluoromethylphenyl group (b, Scheme 2).° Though this ordering is explained by the above rationale
of the increase in electrophilicity of the iranium ion endocyclic carbons, the potential for product
racemisation was not tested for the 4-methoxyphenyl substituent. Given the potential for ring opening
to be enhanced by more electron-rich selenium substituents, particularly in the presence of acid, the 5%
es obtained is not necessarily due to greater racemisation at the initial seleniranium ion. Thus, one
question posed here is whether making the selenium more electron rich would lead to more attack at
the heteroatom or attack at one of the iranium carbons. This is particularly informative if the selenium
cation transfer is desirable as studies by Bock and co-workers have utilised this transfer from

seleniranium ions to alkenes to initiate polyene cyclisations.”**
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Scheme 3. Observations of n-ligand exchange in (a) solution phase NMR by reacting seleniranium ions
10 with alkenes at -70 °C in the presence of a hexafluoroantimonate counterion and measured
equilibrium constants,”° and (b) gas phase ion-molecule reactions between seleniranium ions 12 and
alkenes and experimental second order rate coefficient (in units of cm?® molecule™ s™).°

The process of an alkene nucleophile attacking the electrophilic selenium is known as associative 7-
ligand exchange since another seleniranium ion is generated (Nu = alkene in Path C, Scheme 1). This
process is particularly rapid for selenium with observations of direct transfer of the selenium moiety at
-70 °C in solution (a, Scheme 3) and is a significant racemisation pathway during alkene
functionalisation.>° Even when the 2-nitrophenyl group is employed, a loss of enantiospecificity (88%
vs > 99%) was observed in the carbonate ring opening experiments when an equivalent of trans-4-
phenyl-3-buten-1-ol was present in the reaction mixture, with the erosion attributed to the alkene rather
than the alcohol from control experiments. To avoid the complications of solvent, counterions or
additives facilitating this transfer via a dissociative mechanism, gas phase studies of chalcogen iranium
ions such as 12, generated from appropriate precursors under electrospray ionisation (ESI) conditions,
reacting with alkenes in a linear ion trap mass spectrometer have provided fundamental insights into
kinetics and branching ratios (b, Scheme 3).>” This work extends these studies to examine electronic
effects upon the reactivity of seleniranium ions with alkenes in the gas phase and to determine whether
the same trends observed in solution phase translate into the gas phase.



RESULTS AND DISCUSSION
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Scheme 4. Generation of seleniranium ions 14c-21¢ via electrospray ionisation (ESI) of the B-
selenoethylamines with subsequent collision-induced dissociation (CID) of the protonated ammonium
ion 14b-21b. Note that 21a was introduced as the hydrochloride salt.

Substituted 2-selenoethylamines 14a-20a or hydrochloride salt 21a were introduced into the ion trap
mass spectrometer via the electrospray ionisation (ESI) source as ca 0.1 mM solutions in methanol
(14a-20a) or 50:50 methanol/water (21a) (Scheme 4, see Experimental Section for further detail). The
ammonium ions 14b-21b were mass-selected and fragmented to give 14c¢-21c¢ via CID using a
normalised collision energy (NCE) of 15% in a MS? experiment. The seleniranium ions 14¢-21c were
the major product ion in most cases, but other species were competitive such as the stabilised p-
OMeCeHsSe™ ion from CID of ammonium ion 18b (see Figures S15 and S16 in the SI). The
seleniranium ions 14c-21¢ were then further mass selected in a MS® experiment for ion-molecule
reactions (IMR).
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Figure 1. MS® IMR of cis-cyclooctene with ethyl phenylseleniranium ion 14¢ (m/z 185, *) to give cis-
cyclooctyl phenylseleniranium 14g (m/z 267) via n-ligand exchange and cis-bicyclic selenonium ion
14m (m/z 295) via addition at 1 = 500 ms. [cis-cyclooctene] = 5.3 X 10'" molecule cm™. The most
abundant *’Se isotope of 14¢ was mass-selected following CID (NCE of 15%) of ammonium ion 14b
(m/z 202). See Figure S17D in the SI for HRMS.

Initially, the phenylseleniranium ion 14¢ (m/z 185) was mass selected in a MS® experiment and allowed
to undergo reaction with neutral cis-cyclooctene introduced into the ion trap via the helium bath gas
line. This alkene was chosen as it has been shown to be one of the most reactive neutrals, due to the
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release of ring strain during the reaction, making it suitable for our experimental set up.”> %® The
resulting spectrum at a reaction time of 500 ms is shown in Figure 1 and displays two new peaks at m/z
267 and m/z 295. The former corresponds to the n-ligand exchange product 14g, where cis-cyclooctene
has displaced ethene at the electrophilic selenium atom (Scheme 5A). Alternatively, the alkene may
attack at one of the iranium carbons to ring open the strained three-membered ring. Subsequent
intramolecular capture of the intermediate carbocation by the selenium furnishes the cis-bicyclic
selenonium ion 14m observed at m/z 295 (Scheme 5B).

B \ Sj R g
B + Hi?jH

Scheme 5. Mechanism for (A) n-ligand exchange involving transfer of the electrophilic selenium atom
from ethene in ¢ to cis-cyclooctene in g proceeding via a Hiickel pseudocoarctate transition state e,”* %
and (B) formation of the cis-bicyclic addition product m by initial ring opening of the seleniranium ion
¢ by cis-cyclooctene with subsequent capture of the secondary carbocation intermediate k.2%*°

To investigate substituent electronic effects on both the reaction rate and the reaction partitioning of the
seleniranium ion with cis-cyclooctene, substituents at the meta and para positions of the Se-phenyl ring
were introduced (avoiding the complications of the ortho substituents as mentioned). These covered a
range of electron withdrawing substituents as indicated by the Hammett o constant from m-nitro (o =
0.710) > p-trifluoromethyl (o = 0.54) > p-bromo (o = 0.232) to the electron donating p-methoxy (o = -
0.268).*' In the same fashion as the unsubstituted phenyl system 14¢ (m/z 185), the seleniranium ions
15¢ (m-NO», m/z 230), 16¢ (p-CF3, m/z 253), 17¢ (p-Br, m/z 263), and 18¢ (p-OMe, m/z 215) were
isolated in a MS® experiment and allowed to react with cis-cyclooctene. The same two reaction channels
were observed for all ions with both n-ligand exchange (m-NO»: m/z 312, p-CF3: m/z 335, p-Br: m/z
345, p-OMe: m/z 297) and addition (m-NO,: m/z 340, p-CF3: m/z 363, p-Br: m/z 373, p-OMe: m/z 325)
observed as the major product ions (Figure 2). From examination of the spectra recorded at the reaction
time when the precursor ion relative abundance was approximately 50%, it was evident that the kinetics
and reaction partitioning differ greatly depending on the electronic nature of the aryl substituent on the
selenium with the more electrophilic ions reacting faster and giving more addition product relative to
n-ligand exchange.
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Figure 2. MS® IMR of cis-cyclooctene with (A) m-nitrophenylseleniranium ion 15¢ (m/z 230, *) to give
products 15g (m/z 312) and 15m (m/z 340) at ¢t = 28 ms, (B) p-trifluoromethylphenylseleniranium ion
16¢ (m/z 253, *) to give products 16g (m/z 335) and 16m (m/z 363) at ¢t = 70 ms, (C) p-
bromophenylseleniranium ion 17¢ (m/z 263, *) to give products 17g (m/z 345) and 17m (m/z 373) at ¢
=200 ms, and (D) p-methoxyphenylseleniranium ion 18¢ (m/z 215, *) to give products 18g (m/z 297)
and 18m (m/z 325) at t = 900 ms. [cis-cyclooctene] = 5.3 x 10'" molecule cm™. The most abundant **Se
isotope of 15¢-18¢ was mass-selected (*) following CID (NCE of 15%) of ammonium ions 15b-18b,
though for p-bromoseleniranium 17¢ there is a mixture of "*Se/*'Br and *’Se/””Br isotopes. See Figures
S17A-C and E in the SI for HRMS.
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Figure 3. Kinetic curves for MS® IMR of cis-cyclooctene (5.3 x 10'" molecule cm™) with (A) m-
nitrophenylseleniranium ion 15¢ (m/z 230, black squares) to give products 15g (m/z 312, red circles)
and 15m (m/z 340, blue triangles), (B) p-trifluoromethylphenylseleniranium ion 16¢ (m/z 253, black
squares) to give products 16g (m/z 335, red circles) and 16m (m/z 363, blue triangles), (C) p-
bromophenylseleniranium ion 17¢ (m/z 263, black squares) to give products 17g (m/z 345, red circles)
and 17m (m/z 373, blue triangles), (D) phenylseleniranium ion 14¢ (m/z 185, black squares) to give
products 18g (m/z 267, red circles) and 18m (m/z 295, blue triangles), and (E) p-
methoxyphenylseleniranium ion 18¢ (m/z 215, black squares) to give products 18¢g (m/z 297, red circles)
and 18m (m/z 325, blue triangles). Each point represented the intensity of the ion peak(s) as a proportion
of the total ion intensity at various reaction times (ms), noting that isotope peaks of the product ions
have been summed together. Kinetic curves for early onset of reaction of (A), (B) and (D) measured at
a lower concentration of cis-cyclooctene (5.3 X 10'° molecule cm™) are provided in Figure 7 for (D)
and Figure S18 for (A) and (B) in the SI.

To understand the kinetics of these reactions, the relative abundancies of the precursor and product ions
were plotted as a function of reaction time (Figure 3). In all cases at longer reaction times, the n-ligand
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exchange product (red circles) dominates as the preferred pathway to addition (blue triangles) as
reflected in the mass spectra (Figure 1 and Figure 2). However, the early onset of the reaction appears
more complicated, particularly when comparing the reactivity of the unsubstituted phenylseleniranium
14c¢ with the more electron deficient p-bromophenyl 17¢ and more electron rich p-methoxyphenyl 18c.
There appears to be rapid growth of the addition product 14m initially and to a lesser extent for the
formation of 16m. Given that the n-ligand exchange pathway is exclusive to the three-membered ring
and is hence diagnostic of the seleniranium ion structure, this suggests the presence of a more reactive
isomer at early time points. This shall be further explored later, but analysis of the iranium ion kinetics
was carried about by excluding the initial consumption of the precursor ion to titrate out the isomeric
impurity.** ¥

Table 1. Experimental second order rate coefficients (k2), theoretical collision rate coefficients from
average dipole orientation theory (kapo) and reaction efficiency (¢) for ion-molecule reactions of aryl
substituted seleniranium ions 14¢-18¢ with cis-cyclooctene

No. Aryl m/z ke (X 10711 kapo (X 10°)° 0 (%)* ¢!
15c  m-NO»Cels 230 735+ 0.26 1.04 7.1 0.710
16¢ p-CF3CeH, 253 2.74 + 0.06 1.02 2.7 0.54
17¢ p-BrCeH, 263 1.11 + 0.05 1.02 1.1 0.232
14c CeHs 185 0.31 +0.03 1.08 0.3 0
18c  p-OMeCqHy 215 0.18 + 0.02 1.05 0.2 -0.268

 Units of rate coefficients are cm® molecule™ s™'. ® Errors are given as one standard deviation from at
least five independent measurements, though a conservative error is + 25%.** © ¢ = (ka/kapo) X 100 %

To quantify the reactivity between the various phenylseleniranium ions 14¢-18¢, Ar-c-SeCH,CH,", and
cis-cyclooctene, pseudo first order rate coefficients were initially obtained from the kinetic curves (see
Experimental Section and SI Figure S19). The subsequently derived second order rate coefficients for
consumption of the precursor ion (in units of cm® molecule” s™) increase in the order p-OMeCsH4 18¢
(kx=10.18 X 10"") < C¢Hs 14¢ (k2 = 0.31 X 10™") < p-BrCeHs 17¢ (ko = 1.11 x 10™'") < p-CF3CsH,4 16¢
(ky=2.74 X 10""") < m-NO,CHs 15¢ (k» = 7.35 x 10"'") as expected based on the Hammett 6 constants,
giving over a 40-fold increase in rate from the least to most reactive species (Table 1). The collision
rate coefficient kapo was calculated from average dipole orientation (ADO) theory and slightly increases
as the ion becomes lighter since the other determining factors are the neutral characteristics, which are
the same for all reactions. Since kapo is approximately 1 X 10° cm® molecule s', the reaction efficiency
¢ increases as the second order rate coefficient increases from 0.2% (aryl = p-OMeCg¢Ha) to 7.1% (aryl
= m-NO,C¢Hs). The reactions are all relatively inefficient, indicating that rather than forming product
ions a large proportion of the reactant ions form the initial ion-molecule complex for one of the two
channels, but dissociate to the separated reactants at some point along the reaction coordinate. This
reflects the competition between the rate of back dissociation, which has a very “loose” transition state,
and the more ordered, “tighter” transition states of the product channels. *>*°
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Figure 4. Hammett plot of the relative rate coefficients from reaction of cis-cyclooctene with
seleniranium ions 14¢-18¢. p = +1.66, R* = 0.98.

A Hammett plot of the logarithm of the relative reaction rate for each substituted phenyl system 15¢-
18c compared to the unsubstituted system 14¢, log(ky/ku), against the o constant gives a good linear
correlation with R? = 0.98 (Figure 4).2% %" The positive slope with p =+ 1.66 reflects the increasing
reaction rate as the seleniranium ion becomes more reactive as the phenyl group becomes more electron
deficient. This may be rationalised by both the selenium and iranium carbon atoms becoming more
electrophilic, the latter becoming activated since the selenium-carbon bond of the three-membered ring
is weakened as electron density of the selenium is more effectively delocalised into the phenyl ring
(vide supra).’ The positive p value suggests that both the n-ligand exchange and addition pathways are
likely responding in a similar way to the electronic nature of the substituents, but it is not clear from
this plot to what extent each pathway is affected. The reaction constant determined in this study is very
similar to that determined previously for varying electron demand at the iranium carbon for addition of
cis-cyclooctene to styryl derived thiiranium ions (p = + 1.69),%® suggesting that changing the electron
demand at any atom of the three-membered ring will affect the overall change in reactivity of a
chalcogen iranium ion in a similar way.
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Figure 5. Relative enthalpy diagram for ion-molecule reaction of phenylseleniranium ion 14¢ (m/z 185)
with cis-cyclooctene proceeding via n-ligand exchange (red) to give 14g (m/z 267) or addition (blue) to
give 14m (m/z 295). Enthalpies (AH) in kJ mol™ at 298 K are calculated at M06-2X-D3/def2-TZVP.

To explore how changing the electronic nature of the aryl substituent on the selenium atom affects the
overall reactivity, DFT calculations were performed to map out the relative energy diagrams of the two
reaction channels. The relative enthalpies for the competing n-ligand exchange and addition pathways
for the reaction of the unsubstituted phenylseleniranium ion 14¢ (m/z 185) with cis-cyclooctene are
provided in Figure 5. The former involves the barrierless formation of an initial ion-molecule
association complex 14d, where the incoming alkene coordinates to the selenium atom (AHg = - 39.8
kJ mol™). The rate determining step for this pathway is then the transfer of the selenium moiety between
alkenes via a Hiickel pseudocoarctate transition state 14e -17.2 kJ mol™ below the reactants (AH*c), or
+22.6 kJ mol" above the preceding complex (AAH*;). Following this exothermic isomerisation to the
dissociation complex 14f (AH;= - 69.4 kJ mol ™), where the departing ethene is now weakly bound, the
observed cis-cyclooctyl seleniranium ion 14g (m/z 267) is produced following the loss of ethene. The
reaction is overall exothermic, AH, = -52.5 kJ mol™, with the difference in energy largely due to the
significant ring strain release from cis-cyclooctene.” 2

The addition channel involves initial formation of an alternative ion-molecule complex 14h between
cis-cyclooctene and one of the iranium carbons (AH; = - 29.4 k] mol™). The seleniranium ion is then
spontaneously ring opened given the exothermic barrier 14i (AH* = - 4.0 kJ mol™') leading to an
intermediate carbocation 14j (AH; = - 42.8 kJ mol™).?® Bond rotation (not shown) gives a discrete
secondary carbocation 14k (AHy = - 61.5 kJ mol™"), which readily closes via transition state 141 (AH* =
- 63.4kJ mol™) to give the cis-bicyclic product 14m with an overall exothermicity of -203 kJ mol ™. The
kinetically favourable m-ligand exchange pathway (AH*.= -17.2 kJ mol™") will thus outcompete the
addition pathway (AH* = - 4.0 kJ mol™), which is reflected in the mass spectrum for the iranium ion
14¢ IMR (Figure 1). The partitioning is also dependent on other factors such as the relative enthalpies
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of the initial ion-molecule complexes 14d and 14h,* with interconversion potentially proceeding via a
chalcogen-bonded complex 140, where the cis-cyclooctene interacts with the 0*sc.car antibonding
orbital. However, given that n-ligand exchange has the lower energy initial complex (AHq = - 39.8 kJ
mol ™) than addition (AH, = - 29.4 kJ mol™) and is irreversible after the ethene is lost (neutrals are
removed by the vacuum), whilst the addition pathway is reversible as the ions are still “hot” prior to
collisional cooling with helium bath gas,*' any interconversion would still favour the transfer of the
selenium moiety to the cycloalkene.

Comparison to the addition of cis-cyclooctene to the thiiranium ion congener (m/z 137) studied
previously shows a much faster rate of reactivity for selenium vs sulfur (k, =31 x 107 vs 0.37 x 107"
cm® molecule™ s™), due to the latter having endothermic barriers for both reaction channels (n-ligand
exchange barrier was not calculated for the thiiranium ion as it was not an observed reaction channel,
whilst the relative enthalpy for the transition state for addition was +6.2 kJ mol”' at M06-2X/def2-
TZVP).* This change is reflective of both the increased electrophilicity of the selenium atom compared
to the sulfur for n-ligand exchange, and the lower energy o*cmo.-s. orbital leading to a lower energy ion-
molecule association complex for addition (sulfur: -26.3; selenium: -29.4 kJ mol™).

Table 2. Relative enthalpies for the n-ligand exchange reaction of aryl substituted phenylseleniranium
ions 14¢-18¢ with cis-cyclooctene calculated at M06-2X-D3/def2-TZVP (in kJ mol ™ at 298 K).

No. Aryl AH, AHF, AH; AH, AAHE P
15 m-NO,CsH, -44.0° 257 -76.5° -58.1 +18.3
16 p-CF3CsHy 425 224 -73.8 -55.9 +20.1
17 p-BrCsH, -40.7 -19.3 -71.0 -53.8 +21.5
14 CeHs -39.8 -17.2 -69.4 525 +22.6
18 p-OMeCeH, -37.6 -13.8 -65.9 -50.1 +23.8

*There is an insignificant difference (at most 1 kJ mol™) in the relative enthalpies of the complexes if
the m-NO; substituent is syn or anti with respect to the alkene, but only the 15-anti enthalpies are
reported here for clarity (refer to the SI for the 15-syn structures). ® AAH*, = AH*.— AH

Table 3. Relative enthalpies for the addition reaction of aryl substituted phenylseleniranium ions 14c-
18¢ with cis-cyclooctene calculated at M06-2X-D3/def2-TZVP (in kJ mol™ at 298 K).

No. Al'yl AHh AHii AFII AHk AHil AHm AAHiAb
15  m-NO,CeH4*" -32.5 -14.2 -75.5 -77.4 -79.9 -211 +18.3
16 p-CF3CsHy -31.3 -11.0 -56.6 -72.3 -74.5 -206 +20.3
17 p-BrCeHa -30.1 -6.8 -47.9 -65.0 -66.8 -204 +23.3
14 CsHs -29.4 -4.0 -42.8 -61.5 -63.4 -203 +25.4
18  p-OMeC¢Hy -27.9 +0.4 -35.0 ¢ -54.2 -200 +28.3

“There is an insignificant difference (less than 2 kJ mol™) at the ring-opening step AH*; if the m-NO,
substituent is syn or anti with respect to the alkene, however, the anti conformation leads to a
subsequently lower energy pathway and so only the 15-anti enthalpies are reported here (refer to the SI
for the 15-syn structures). ® AAH*» = AH* — AH, ¢ 18k was not located as IRC calculations on the ring-
closing transition state 18l led to the five-membered ring product 18m, but also bifurcated to a higher
energy six-membered ring product 18m’ involving the electron-rich ipso carbon (Figure S20A, SI).
IRC calculations on the unsubstituted phenyl transition state 141 still led to 14k and 14m as indicated
(Figure S20B, SI).

This analysis was extended to the substituted aryl derivatives for both the m-ligand exchange and
addition channels. Compared to the phenyl system, increasing the electrophilicity of the seleniranium
ion both stabilises the ion-molecule complexes and lowers the transition state barriers for each pathway
(Table 2 and Table 3). For n-ligand exchange, there is a small change in the relative energy of the
association complex from the most electron withdrawing m-nitro to the most electron donating p-
methoxy substituent of around 8 kJ mol”. There is a slightly larger change in relative energy at the
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transition state of 12 kJ mol”', which translates into the difference between the association complex and
transition state, i.e. the energy change at the rate determining step (AAHY;), decreasing slightly
(approximately 4-5 kJ mol” depending on the orientation of the m-nitro) as the selenium becomes more
electron deficient.*” However, the same examination of the addition pathway shows a much larger
change at the transition state moving from the p-methoxy to m-nitro substituents. In particular, the key
ring opening transition state decreases in relative energy by 16.2 kJ mol’, whilst the complex
immediately prior to this transition state decreases by only a few kilojoules per mole. This means that
the AAH*s shows a much larger change of 12 kJ mol™”, around three times more than the n-ligand
exchange pathway, as the seleniranium ion becomes more electrophilic. This suggests that the addition
pathway should be increasingly favoured over the n-ligand exchange pathway as the aryl substituent
becomes more electron withdrawing.

Table 4. Experimental branching ratios (BR) for ion-molecule reactions of aryl substituted seleniranium
ions 14¢-18¢ with cis-cyclooctene

n-Ligand Exchange Addition
No. Aryl m/z BR?* m/z BR* m/z
15¢ m-NO,CeHy 230 0.74 £ 0.02 312 0.26 + 0.02 340
16¢ p-CF3CsHa 253 0.85 £ 0.01 335 0.15+0.01 363
17¢ p-BrCeHy 263 0.91 £ 0.004 345 0.09 £ 0.004 373
14c CsHs 185 0.97 + 0.02 267 0.03 +£0.02 295

18¢ p-OMeCsHy4 215 0.98 + 0.002 297 0.02 + 0.002 325
 Errors are given as one standard deviation from at least five independent measurements, though a
conservative error is + 20%.**

The change in reaction partitioning predicted by the calculations is qualitatively observed in the mass
spectra shown in Figure 2, where the stronger electron withdrawing groups (m-NO; and p-CF3, A and
B respectively) have produced more than 25% relative abundance of the addition product, whilst the
weaker p-Br (C) and the electron donating p-OMe (D) show less than 25% of the addition product. To
quantify the relative amounts of the n-ligand exchange and addition products produced, the branching
ratios (BR) were determined by extrapolating the change in each product ion intensity as a proportion
of the total change in product ion count to zero time to correct for the presence of the more reactive
isomer (see SI Figure S21). As shown in Table 4, there is an increase in the branching ratio for n-ligand
exchange as the phenyl substituent on the selenium becomes more electron donating: m-NO,C¢H4 (0.74)
< p-CF3C¢H4 (0.85) < p-BrCsH4 (0.90) < CsHs (0.97) < p-OMeCsHs (0.98), whilst there is a concomitant
decrease in the addition branching ratio (m-NO,C¢Hs = 0.26 vs p-OMeCsHs = 0.02). A Hammett plot
of the branching ratios shows a relatively linear relationship with an R? value of 0.88 reinforcing the
earlier solution phase work with addition at the iranium carbon being favoured over attack at the
selenium as the aryl substituent becomes more electron withdrawing (Figure 6). The electron donating
p-methoxyphenyl group in 18 significantly deactivates the iranium carbons to nucleophilic attack (only
2% addition) and instead favours attack at selenium (98% m-ligand exchange), which qualitatively
agrees with the low 5% enantiospecificity obtained for the tetrahydrofuran product 9 (aryl = p-
OMeCH,) in Denmark’s study (Scheme 2).” However, there is still significant partitioning towards the
n-ligand exchange pathway with the p-trifluoromethyl substituent in 16 (85%), reflective of a
tetrahydrofuran 9 (aryl = p-OMeCsH4) with only 27% es following ring opening of the corresponding
carbonate 7. Further, given that the n-ligand exchange pathway is still dominant even with the strongly
electron withdrawing m-nitro substituent in 15 supports the earlier contention that the best aryl
substituents to sustain optical purity in reactions proceeding via seleniranium ions are those ortho to the
selenium that exhibit a strong steric influence and/or a through-space interaction that blocks incoming
nucleophilic attack at the selenium.
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Figure 6. Hammett plot for the branching ratios of m-ligand exchange (red) and addition (blue)
pathways from reaction of cis-cyclooctene with seleniranium ions 14¢-18¢. R* = 0.88.

As mentioned, for some species there appeared to be an isomer that favoured addition being present in
larger quantities than the seleniranium ion at first, but over time was consumed leaving the latter as the
primary ion present. As discussed in previous work,*> ?® the most feasible alternative is a selenonium
ion that will exclusively undergo addition as it does not meet the geometric requirements for selenium
atom transfer in m-ligand exchange.”® > % The prior studies established that the thiiranium and
seleniranium ions were the dominant ion present, though it was difficult to rule out the minor presence
of an -onium ion with the experimental and theoretical techniques used. To investigate this
experimentally, the early onset of the reaction of the m-nitrophenyl, p-trifluoromethylphenyl, and
phenylseleniranium ions 14¢-16¢ with cis-cyclooctene were examined in greater detail by lowering the
concentration of the alkene. As shown in Figure 7A, the addition product 14m (m/z 295, blue triangles)
increases more rapidly than the n-ligand exchange product 14g (m/z 267, red circles) at first, but plateaus
leading to a shift in the partitioning by 400 ms. This phenomenon is present to a lesser extent for the p-
trifluoromethylphenylseleniranium ion 16¢, but not at all for the m-nitrophenylseleniranium ion 15¢
(see SI Figure S18). This is reflected in the plot of In[(precursor ion intensity)/(total ion intensity)] vs
reaction time with non-linear behaviour at early reaction times reflecting the presence of the more
reactive selenonium ion (Figure 7B). Indeed, the thiiranium ion congener has been shown to react over
260 times slower than an independently generated sulphonium ion,?® and so the initially fast kinetics
observed supports the proposed selenonium ion impurity (DFT calculations also support a barrierless
pathway for addition of cis-cyclooctene to the selenonium ion with AAH*=-0.3 kJ mol™, see Figure
S22 in the SI). However, the challenge in this explanation is reasoning why only the unsubstituted
phenyl species leads to a substantial amount of isomerisation, and that a trend is not apparent as the
electron demand changes on the selenium (c.f. product ion ratios in Figure 1 with those in Figure 2).
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Figure 7. Early onset of the IMR between phenylseleniranium ion 14¢ and cis-cyclooctene (5.3 x 10"
molecule cm™) (A) kinetic curves of the relative abundances of the precursor ion 14¢ (m/z 185, black
squares), m-ligand exchange product 14g (m/z 267, red circles) and addition product 14m (m/z 295, blue
triangles) (B) plot of In(precursor ion relative abundance) against reaction time (ms) used to determine
pseudo first order rate coefficients showing non-linear behaviour at early reaction times.

To investigate how changing the substitution on the phenyl ring affects isomerisation, the key hydride
transfer transition state for this process and the selenonium product ions were calculated for three of
these species (Scheme 6C). However, not only are the barriers very high to isomerisation (AH* > 200
kJ mol™! relative to the iranium ion), which is unsurprising given that a substantial amount of positive
charge builds up on a primary carbon prior to hydride transfer, but there is no thermodynamic driving
force towards selenonium ion formation for any of these species (AH > 25 kJ mol™"). Potential
isomerisation was also considered during CID as around 70-80 kJ mol™ is required to displace the
ammonia and the overall formation of the seleniranium ion is endothermic (Scheme 6A).* However,
the transition state for the 1,2-hydride shift to the selenonium ion with the ammonia present is still more
than double that of the formation of the seleniranium ion at 177-184 kJ mol™' (Scheme 6B), in agreement
with previous DFT calculations for a similar seleniranium ion system.” The barriers and
endothermicities of the unimolecular reactions all increase as the electron demand on selenium
increases as the 1,2-hydride shift is assisted by the selenium atom lone pair, which becomes less
nucleophilic as the substituent on the phenyl ring becomes more electron withdrawing. We did consider
whether mass selecting the iranium ion in an MS? experiment following in-source decomposition of the
ammonium precursor b would lead to less isomerisation. However, the subsequent ion-molecule
reaction of the phenylseleniranium 14¢ with cis-cyclooctene showed approximately 30% more relative
abundance of the addition product ion than the corresponding MS* experiment (see Figure S23 in the
SI). This is likely due to other bimolecular isomerisation pathways becoming available from solvent
assistance such as Hofmann elimination leading to the selenonium ion via a solvent mediated proton
transport mechanism (formally a 1,2-hydride shift).** Any mechanism in the ESI source would also
benefit from solvent stabilising charges along the reaction pathway, significantly lowering potential
barriers to isomerisation. Given that the MS® experiments suggested less isomerisation during CID, only
the calculations reflecting the processes available in the ion trap were considered and these do not
suggest the unsubstituted phenyl system as an outlier for isomerisation.*?
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Scheme 6. Effect of changing electron demand at selenium on relative enthalpies for (A) displacement
of ammonia via q to give the seleniranium ion ¢,** (B) displacement of ammonia via r to give the
selenonium ion s (a syn elimination transition state 14r’ was also found, but was higher in relative
enthalpy at +211 kJ mol™) and (C) isomerisation of seleniranium ion ¢ to selenonium ion s vig a 1,2-
hydride shift in t. Enthalpies (AH) are relative to the corresponding ammonium ion b precursor for each
substituent (R = OMe, H, and CF;), and are in kJ mol™ at 298 K calculated at M06-2X-D3/def2-TZVP.

A t= 1800 ms B t = 10000 ms
165
5 100+ Me 2%° 100 t ¥
S Se" | 233 Bu
S /\ é .
g 19 - N
° ¢ [\
3 123 20c
< 50 50
(0]
>
©
o
4
275
0 T T T T 0 L T T I <+

— T T T T T ™ — 1T T T t ™
50 100 150 200 250 300 350 50 100 150 200 250 300 350
m/z m/z
Figure 8. MS’ IMR of cis-cyclooctene with (A) methylseleniranium ion 19¢ (m/z 123, *) to give m-

ligand exchange product 19g (m/z 205) and addition product 19m (m/z 233) at ¢t = 1800 ms with [cis-
cyclooctene] = 5.3 x 10" molecule cm™, (B) t-butylseleniranium ion 20¢ (m/z 165, *) to give addition
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product 20m (m/z 275) at ¢t = 10000 ms with [cis-cyclooctene] = 1.1 X 10'* molecule cm™ (a higher
concentration of the neutral was required due to the very low reactivity of m/z 165). The most abundant
$9Se isotope was mass-selected (*). See Figure S26A in the SI for HRMS (note that HRMS was unable
to obtained for IMR of 20c¢)

Following the electronic effects on the seleniranium ion reactivity with cis-cyclooctene, steric effects
were also explored. As discussed above, several studies have shown that increasing the steric bulk at
the selenium can hinder the approach of incoming nucleophiles, thus disfavouring n-ligand exchange.”
1316 To examine this effect in the gas phase, the reactivity of seleniranium ions with methyl and zert-
butyl substituents on the selenium was explored. Figure 8 shows the IMR spectra for the Se-methyl-
and Se-t-butyl-substituted seleniranium ions 19¢ and 20c¢ respectively with cis-cyclooctene. Changing
the phenyl (Figure 1) to a methyl group (Figure 8A) shifts the partitioning towards addition and may
be rationalised by an increase in apparent steric bulk from the flat phenyl group to the tetrahedral methyl
group, which hinders the approach of the alkene. This steric change also outcompetes any change from
the slightly electron withdrawing sp” hybridised phenyl carbon to the more electron donating sp’ methyl
carbon, as the latter would be expected to favour n-ligand exchange based on the above discussion on
electronic effects (Table 4 and Figure 6). Further increasing the steric bulk to the #-butyl substituent,
however, has a dramatic effect on both pathways, shutting down =n-ligand exchange (m/z 247 not
observed), but also significantly slowing down the rate of addition as evidenced by the long reaction
time required to observe any significant product formation (Figure 8B). Due to the very slow reactivity
of 20c¢, even at high concentrations of cis-cyclooctene and long reaction times, accurate kinetics were
unable to be determined for this species.

Table 5. Relative enthalpies for the n-ligand exchange reaction of seleniranium ions 14¢, 19¢, and 20¢
with cis-cyclooctene calculated at M06-2X-D3/def2-TZVP (in kJ mol™ at 298 K).

No. R AHq AH. AH; AH, AAH,
14 CeHs -39.8 172 -69.4 525 +22.6
19 CH; -44.6 -12.3 -73.1 -55.4 +32.3
20 +-Bu -34.3 +23.4 -61.6 -48.1 +57.7

Table 6. Relative enthalpies for the addition reaction of seleniranium ions 14¢, 19¢, and 20¢ with cis-
cyclooctene calculated at M06-2X-D3/def2-TZVP (in kJ mol” at 298 K).*

No. R AHh AH?H AHi AHm AAHiA
14 CeHs -29.4 -4.0 -42.8 -203 +25.4
19 CHs -32.1 -7.0 -40.7 -213 +25.2
20 Bu -28.7 +10.7 -16.6 -206 +39.4

? ring closure transition state was not calculated

DFT calculations support these observations with the bulky #-butyl group making the kinetic barrier for
n-ligand exchange 20e prohibitively high in the gas phase at +23.4 kJ mol™,?* 27 whilst the methyl
substituent only increases the relative barrier 19e by 5 kJ mol”' compared to phenyl 14e (Table 5).
However, when the enthalpy change from the association ion-molecule complex d to the transition state
e is considered (AAH*;: Ph = +22.6; Me = +32.3 kJ mol"), then the change in the rate-determining
barrier is closer to 10 kJ mol™. The relative enthalpies for the addition pathway also explain the methyl
substituent favouring addition over n-ligand exchange compared to the phenyl substituent (Table 6).
Whilst the former raised the barrier to n-ligand exchange 19e, it also lowered the barrier to addition 19i
such that the enthalpy from the complex h to the ring-opening transition state i (AAH*») was the same
within error for both methyl (+25.2 kJ mol™) and phenyl (+25.4 kJ mol™). By comparison, the ¢-butyl
group also raised the barrier to addition to +10.7 kJ mol™ above the separated reactants and required
longer reaction times (10,000 ms) and much higher cis-cyclooctene concentrations (around double
compared to methyl) to observe the product m/z 275 formation. Even though the transition state is
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endothermic, the Boltzmann distribution of ions means that some ions will have enough energy to
overcome such barriers of ca. 9-10 kJ mol" at room temperature in the gas phase,?’ albeit with very
slow kinetics. As the steric bulk of the #-butyl group is unlikely to significantly impact ring opening at
the iranium endocyclic carbon, then the higher barrier may be reflective of the greater electron-donating
inductive effect of a #-butyl compared to a methyl,*® thus achieving little addition as the iranium carbon
is now less electrophilic (c.f. p-methoxyphenyl substituent 18, Figure 2D and Table 3).
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Figure 9. MS® IMR of cis-cyclooctene with (A) methylseleniranium ion 19¢ (m/z 123, *) to give n-
ligand exchange product 19g (m/z 205) and addition product 19m (m/z 233) at ¢t = 1800 ms, (B)
methylselenocysteine iranium ion 21¢ (m/z 167, *) to give n-ligand exchange product 19g (m/z 205)
and addition product 21m (m/z 277) at ¢t = 95 ms. [cis-cyclooctene] = 5.3 x 10'! molecule cm™. The
most abundant *’Se isotope of 19¢ and 21c¢ was mass-selected following CID (NCE of 15%) of
ammonium ions 19b (m/z 140) and 21b (m/z 185). See Figure S26 in the SI for HRMS.

Table 7. Experimental second order rate coefficients (k»), theoretical collision rate coefficients from
average dipole orientation theory (kapo), reaction efficiency (¢), and branching ratios (BR) for ion-
molecule reactions of methylseleniranium ions 19¢ and 21¢ with cis-cyclooctene

n-Ligand Exchange Addition
No. m/fz k(X10')*  kipo(X10°)* ¢ (%) BR" m/z BR" m/z
19¢ 123 0.12 £ 0.008 1.17 0.1 0.55+0.006 205 0.46+0.006 233
21c 167 1.82+40.11 1.10 1.7 091 £0.002 205 0.09 +0.002 277

Units of rate coefficients are cm® molecule™ s'. ® Errors are given as one standard deviation from at
least five independent measurements, though a conservative error is + 25% (k2) or + 20% (BR).** © ¢
= (ka/kapo) X 100 %. Kinetic curves and branching ratio plots are provided in SI Figures S27-S29.

Previous studies have shown that the biologically relevant S-methylcysteine will fragment under CID
conditions to give the thiiranium ion as a major product,* and so we sought to compare the reactivity
of the Se-methylselenocysteine iranium ion 21¢ (m/z 167) congener towards cis-cyclooctene with that
of methylseleniranium ion 19¢ (m/z 123). The key difference between the two ions is the nature of the
substituents attached to the iranium carbons with the former having a carboxylic acid functional group
in place of a hydrogen. The mass spectra of these two ion-molecule reactions are shown in Figure 9
and display a significant shift in the reaction partitioning. Where n-ligand exchange 19g (m/z 205)
slightly outcompeted addition 19m (m/z 233) for the methylseleniranium ion 19¢ m/z 123 (Figure 9A),
it was the dominant pathway for seleniranium ion 21¢ (m/z 167) giving 19g (m/z 205) with the addition
product 21m (m/z 277) now in only 10-15% relative abundance (Figure 9B). Not only do the product
ratios differ, the second order rate coefficients show an order of magnitude difference with the rate
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increasing for consumption of 19¢ (k2 = 0.12 X 10! cm® molecule™ s™) to 21¢ (k, = 1.82 x 10" cm?
molecule” s™') as shown in Table 7. The greater reactivity of the latter ion is reflected in the DFT
calculations with the relative enthalpic barriers lowering for both n-ligand exchange (19e: -12.3 vs 21e:
-24.7 kJ mol ™) and the ring-opening step for addition (19i: -7.0 vs 21i/21i’: -16 to -17 kJ mol™") (Table
5, Table 6 and Figure 10). The partitioning change moving from 19 to 21 is explained by the key AAH*
decreasing the most for n-ligand exchange (19: +32.3 vs 21: +22.7 kJ mol™), whilst for addition it
changes by 3-4 kJ mol”, increasing if cis-cyclooctene attacks at the carboxy substituted carbon (19:
+25.2 vs 21°: +28.1 kJ mol™) or decreasing if at the methylene carbon (19: +25.2 vs 21: +21.5 kJ mol’
"). Thus, the net change in relative enthalpies favour increased m-ligand exchange and may be
rationalised by the change in leaving group from ethene to acrylic acid, with the latter accepting electron
density more effectively and being more stable as a conjugated alkene. The same shift in partitioning is
also observed comparing the results here for the phenylseleniranium ion m/z 185 reactivity (0.31 X 10
'em?® molecule™” s™) with the greater reactivity also favouring n-ligand exchange for the previously
studied styryl phenylseleniranium ion m/z 261 (4.4 x 10" cm® molecule” s™) with cis-cyclooctene
(Scheme 3b), where the change in leaving group is from ethene to styrene.*
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Figure 10. (A) Relative enthalpy diagram for ion-molecule reaction of Se-methylseleniranium ion 21¢
(m/z 167) with cis-cyclooctene proceeding via n-ligand exchange (red) to give 21g (m/z 205) or addition
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(m/z 2777). (B) Relative enthalpies for the syn and anti selenonium ions 21m or 21m’, furanylium ion
21m’_O or pyrylium ion 21m_O products from addition of cis-cyclooctene to 21c. Enthalpies (AH)
in kJ mol™ at 298 K are calculated at M06-2X-D3/def2-TZVP. Note in 21f that acrylic acid is weakly
bound to the seleniranium ion in a different orientation to ethene in the other dissociation complexes
(14£-20f) as confirmed by IRC calculations.

CONCLUSIONS

The reactivity of arylseleniranium ions 14¢c-18¢, generated by electrospray ionisation (ESI) from the
corresponding 2-arylselenylethanamines 14a-18a and subsequent collision-induced dissociation (CID)
of the ammonium ions 14b-18b, undergoing ion-molecule reactions (IMR) with cis-cyclooctene was
investigated in the gas phase with a modified linear ion trap mass spectrometer. By varying the
substituents on the phenyl ring, the electronic effects upon the reaction rate were explored and gave
second order rate coefficients (in cm® molecule s™) that increased in the order p-OMeCsHy4 18¢ (k2 =
0.17 x 107"y < C¢Hs 14¢ (k2 = 0.31 X 10"") < p-BrCsHs 17¢ (k2 = 1.11 x 10'") < p-CF3C6H4 16¢ (k2 =
2.73 x 10" < m-NO,CeHs 15¢ (k2 = 7.35 x 10'"). Further examination of the kinetic curves at early
reaction times of the unsubstituted phenyl and p-trifluoromethylseleniranium ions 14¢ and 16¢ did
reveal the presence of a more reactive selenonium ion isomer. DFT calculations were unsuccessful at
elucidating why only some of the ions showed this behaviour, however, and so the reaction rate
coefficients and branching ratios were determined at later reaction times following consumption of the
isomer impurity. A Hammett plot of the rates relative to the unsubstituted system gave a linear
correlation (R* = 0.98) with a p of + 1.66 indicating that as the electron demand increased on the
selenium, the precursor ion was consumed at a faster rate. This was postulated to be due to both major
reaction pathways being favoured as the substituent on the phenyl ring became more electron
withdrawing.

To quantify this, branching ratios (BR) were determined for the two reaction pathways: m-ligand
exchange, resulting from attack of the alkene at selenium, and addition, resulting from attack at carbon
to ring-open the seleniranium ion. The proportion of n-ligand exchange decreased as the substituent
became more electron withdrawing (p-methoxyphenyl: 98% vs m-nitrophenyl: 74%), whilst addition
increased (p-methoxyphenyl: 2% vs m-nitrophenyl: 26%). This was rationalised by DFT calculations at
the M06-2X-D3/def2-TZVP level of theory, which suggested that, though making the selenium more
electrophilic did lower the kinetic barrier to n-ligand exchange (around 4-5 kJ mol™), the ring-opening
transition state towards addition decreased more in energy (12 kJ mol™), thus favouring the latter
pathway. These results agreed with solution phase studies by Toshimitsu’s and Denmark’s groups on
the electronic effects on a seleno-Ritter and carbonate ring opening reactions respectively that proceed
via a seleniranium ion from enantioenriched starting materials.” '® Racemisation of the product was
largely attributed to attack by nucleophiles at the selenium of the iranium ion intermediate and was
suppressed using more electron withdrawing substituents to weaken the selenium-carbon bond of the
iranium ion favouring ring-opening. This work demonstrates the ability of gas phase ion-molecule
reactions to investigate the reactivity of these types of iranium ions with various nucleophiles, where
branching ratios enable translation of the gas phase reactivity to predict solution phase configurational
stability.

The sensitivity of the seleniranium ions to steric effects were explored by changing the R group on the
selenium from the flat phenyl substituent in 14¢ to a tetrahedral methyl group in 19¢. This change shifted
the reaction partitioning towards addition as the barrier to n-ligand exchange increased. However,
further increasing the steric bulk by employing a #-butyl group significantly reduced the reactivity of
the seleniranium ion 20c with only a minor amount of addition and no n-ligand exchange observed.
Finally, the reactivity of the iranium ion 21e¢ derived from CID of the biologically relevant molecule
Se-methylselenocysteine was examined. Changing one of the hydrogens on the iranium carbons of 19¢
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to a carboxylic acid in 21¢ lowered the barrier to n-ligand exchange as the leaving group was changed
from ethene to the conjugated acrylic acid. This led to both a significant in the branching ratio for m-
ligand exchange and the second-order rate coefficient for 21¢ compared to 19c.

EXPERIMENTAL AND THEORETICAL METHODS
Experimental

Reagents and synthesis: The following reagents were used as received for mass spectrometry
experiments: cis-cyclooctene (95%, Alfa Aesar); Se-(methyl)selenocysteine hydrochloride 21a (=95%,
Sigma-Aldrich). 2-Selenylethanamines 14a-20a were synthesised from commercially available
reagents as detailed in the Supporting Information.

Mass Spectrometry. Multistage mass spectrometry (MS") experiments were carried out using
a commercially available hybrid dual-pressure linear quadrupole ion trap (LTQ Velos Pro) and Orbitrap
Elite mass spectrometer (Thermo Scientific).’*** The substituted 2-selenylethanamines 14a-20a as ca
0.1 mM solutions in methanol and Se-(methyl)selenocysteine hydrochloride 21a as ca 0.1 mM solution
in 50:50 methanol/water were introduced into the electrospray ionisation (ESI) source, operating in
positive ion mode, via a syringe pump operating at a rate of 5 uL min™'. The source conditions were
tuned to optimise the substituted 2-selenylethanammonium ion 14b-21b signal with typical ESI
conditions involving a heated capillary temperate of 250 °C with an applied voltage of 3.0-4.0 kV;
sheath gas flow 10 (arbitrary units); RF lens 60-70%, and other parameters were tuned to maximize the
desired peak. The injection time was set using the automatic gain control (AGC) function. All mass
spectra presented in this manuscript are an average of at least 100 scans, except for the IMR spectra of
ions 18¢ and 19¢ which were an average of at least 50 scans. The ammonium precursor ions 14b-21b
were mass selected with a window of 5 Da in a MS? experiment and then subjected to collision induced
dissociation (CID) using a corresponding normalized collision energy (NCE) of 15% (arbitrary units)
and collisional activation Q (dimensionless parameter of the Mathieu equation) of 0.25 for a period of
10 ms to generate the seleniranium ions 14c¢-21¢. All high-resolution mass spectrometry (HRMS)
experiments were carried out on the same instrument for all CID and IMR experiments with the ions
sent from the LTQ to the Orbitrap MS for analysis to generate the high-resolution tandem mass spectra.

Ion-Molecule Reactions. The seleniranium ions 14¢-21¢ were mass selected with a window of
2 Da in a MS® experiment (‘H, ?C, '°0, '*N, "F or %°Se, noting that the p-bromophenylseleniranium
ion 17¢ was a mixture of ”’Br/*’Se and *'Br/"*Se) and allowed to react with cis-cyclooctene, that had
been introduced into the mass spectrometer via the helium bath gas line, in ion-molecule reactions
(IMR). The modifications to the instrument to allow the study of IMR has been described previously in
detail for the current set up.** Under ion-molecule conditions (NCE of 0%, low Q values of 0.25, and
reaction time varied between 0.03 ms and 10,000 ms prior to ejection from the ion-trap for detection
for 1-2 half-lives of the reactant ion), collisions with the helium bath gas quasi-thermalize the ions in
LTQ ion-traps (318 & 23 K),> noting that the pressure of the region where the ion-molecule reactions
occur in the current set up is 5 mTorr.*? The relative abundance of the reactant ion was determined by
integrating the area under a specified m/z region (£0.5 Da) and normalizing it to the integrated signal
over the entire spectrum (m/z 50-500), and then averaged over all scans for a given reaction time at a
particular alkene concentration. The procedure to determine the second order rate coefficients and
reaction efficiencies has been described in detail previously.** Briefly, taking the negative of the
gradient from a plot of the natural logarithm of the relative abundance of the reactant ion against reaction
time yields the pseudo first order rate coefficient, k; (s), and dividing this value by the concentration
of the neutral in the ion-trap gives the second order rate coefficient, k> (cm® molecule™ s™). This value
is averaged across at least 5 independent kinetic measurements taken over several days using different
alkene concentrations by varying the neutral flowrate. The calculation of the concentration (number
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density) of the neutral species present in the ion-trap is dependent on the measured flowrate of helium
gas, rate of injection of the volatile neutral reagent, and pressure in the ion-trap and has been described
in detail previously,’ noting that the conservative error of 25% quoted for the second order rate
coefficients is attributed to uncertainty in these values. The reliability of the rate coefficients in this
study is supported by the good agreement of the rate coefficient of the relatively slow bimolecular ion-
molecule reaction of Br with CH;I determined on the present instrumentation (k» = 2.40 x 10" cm?
molecule” s™) to those found using flowing afterglow techniques (k> = 2.89 X 107! cm® molecule™ s)
and in an LCQ quadrupole ion trap (ko =2.7 X 10" cm® molecule s™).>*** The collision rate coefficient
used to determine the reaction efficiency was calculated using the parameterized average dipole
orientation (ADO) theory of Su and Bowers,’*® implemented in the program COLRATE,” using a
polarizability of 14.49 amu A? and dipole moment of 0.43 D for cis-cyclooctene.** Branching ratios are
typically determined by taking the relative intensity of a product ion as a proportion of all product ion
intensities at various reaction times and extrapolating to # = 0 (see reference 34 for more detail), but in
this study the change in each product ion intensity as a proportion of the change in total product ion
intensity was used. Using the former method, non-linear branching ratio plots were obtained for ion-
molecule reactions where the isomeric impurity was present in large amounts (such as reaction of 14¢
with cis-CgHi4), but the latter method gave plots where only the initial portion was non-linear with
removal of this section giving Figure S21D in the SI as an example. In cases where the isomeric
impurity was not an issue, both methods yielded the same results.

Quantum Chemistry Calculations

Density functional theory (DFT) calculations were performed with the Gaussian 16 revision C.01
software package.’ Structures were optimised without symmetry constraints using the hybrid meta-
GGA MO06-2X functional with Grimme’s 2010 dispersion correction (denoted M06-2X-D3) and the
def2-TZVP basis set.®** The M06-2X functional is applicable for main group thermochemistry and
has been used to study chalcogen iranium ions previously.?*?* ¢ Frequency analysis confirmed all
structures were minima (no imaginary frequencies) and intrinsic reaction coordinate (IRC) calculations
were used to verify that ambiguous transition state structures were connected to the intermediates.
Unless otherwise noted, reaction enthalpies in the text are at 298 K and are corrected with unscaled
zero-point vibrational energies (ZPVE). In the gas phase, several studies have shown that
thermoneutralised ions (often following radiative dispersal or collisional cooling with bath gas) do not
possess sufficient internal energy to overcome barriers higher than that of the system (defined by the
combined energy of the free reactants).’> *® This leads to the pertinent thermodynamic quantity being
the enthalpy rather than Gibbs free energy that accurately describes the potential energy surface of ion-
molecule reactions in the gas phase under the low pressure regime employed in this study.*®> %
Nevertheless, error in calculations (around 5-8 kJ mol based on benchmarking studies of the M06-2X
functional with similar sized basis sets®* ¢’) and the internal energy that ions possess before they are
completely thermoneutral means barriers of around 5-10 kJ mol™ above the reactants energy may be
overcome, albeit with very slow rates of reaction.”* ¥/
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