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Supplementary Note 1

In 1962, Olha reported nuclear magnetic resonance characterization of long-lived alkyl

carbocations in the antimony pentafluoride solution.

(CH3)sCF + SbFs —> (CH3)3C+ SbFg

+ -
(CH3)20HF + SbF5 — (CH3)20H SbFG

This work was further extended to prepare stable carbocations in a variety of other superacids
e.g., fluorosulfuric acid (FSOzH), triflic acid (CF3SOsH), and magic acids (FSO3H-SbFs,
HF-SbFs, etc.) by ionizing varied precursors, including alcohols. The low nucleophilicity of the
associated bulky counter anions greatly contributed to the stability of the alkyl carbocations,’
which were even isolated as crystalline salts in some instances.?* Although the use of superacid
provides an environment for induction of a stable carbocation formation, it is not intended to
intercept and detect the carbocation formed as an intermediate in a distinct chemical reaction.
Likewise, recent advances in the solid-state NMR techniques opened up opportunities for the
detection of carbocations confined in zeolites.*> Several literature reports can be found on in
situ studies of carbocations using UV-vis and nuclear magnetic resonance spectroscopy®!? but

no method is yet achieved for the direct capture/interception and isolation of such extremely

short-lived intermediate species from the reaction solution.
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Supplementary Note 2

Recent developments in this technique (DESI-MS) have created a new avenue for direct
analysis of chemical and biochemical samples at ambient conditions without any sample

preparation.'+!> Indeed, a number of studies, '6-2

including the work of our own,?!?> showed
the potential utility of DESI-MS in tracking the intermediate species during the progress of a
reaction. As presented in Figure 1, a fine spray of positively charged microdroplets was
produced by electrospraying the solvent at high voltage (+5 kV) and using nitrogen as
nebulizing gas (110 psi). A 10 pL of the reaction aliquot was quickly (within few seconds using
pipette; see Materials and methods for details) dispensed on a microscope glass slide under the
impinging spray of charged microdroplets, which resulted in the splashing of secondary
microdroplets extracting the analyte species. These secondary microdroplets were allowed to
enter a high-resolution mass spectrometer through a heated capillary inlet (300 °C) that caused
complete desolvation of analyte ions and their subsequent detection by the mass spectrometer

(Figure 1). The details of this experiment using our home-built DESI source (Figure S1) are

presented in the supporting information.

Thus a small volume of the reaction mixture, which develops a transient carbocation,
was extracted in the positively charged microdroplets in the DESI process'# that eventually
transferred the carbocation representatively to the gas phase on a millisecond timescale?® for
mass spectrometric interrogation. Although the lifetime of a carbocation in the bulk water is
believed to be as short as 10712 5,247 (Supplementary Note 3) the unique environment of the
charged water microdroplets appears to be responsible for the successful transfer of the reactive
carbocation species from the condensed phase to the gas phase. We also provide mechanistic
insight into how this carbocation interception is facilitated by the outperformance of the water

microdroplet over its organic counterparts.
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Supplementary Note 3

Many intensive attempts in past failed to capture and isolate alkyl carbocation intermediates
from chemical reactions, particularly because of their extremely short lifetime.?® Although
kinetics and product studies of those reactions assured the involvement of carbocations as
reactive intermediates, those were too short-lived to be detected by the nuclear magnetic
resonance (timescale for NMR is in the order of microsecond). Kazansky suggested that
carbocations are so unstable that it is more like a transition state than a reaction intermediate.?*-
31 Olha first reported that carbocation species can be stabilized in a superacid solution, proving
their real existence.>? Several investigators used spectroscopic techniques, azide clocks, and
theoretical calculations to estimate the lifetime of different carbocations. For example, the
vibrational Raman spectroscopy was used (Raman band shape was analyzed) earlier to
determine the mean lifetime of fert-butyl carbocation to be around 500 fs in sulfuric acid
medium.?” Azide clock experiments estimated the lifetime of the same carbocation to be around
200 fs in trifluoroethanol/water medium.’* The laser flash photolysis experiments also
measured the average lifetime of zert-butyl carbocation as low as 70 fs in water.’* UV
absorption study estimated the lifetime of secondary (cyclooctyl) carbocation is in the order of
nanoseconds in concentrated acid and picoseconds in dilute acid.?> The laser flash photolysis
experiments on a series of secondary carbocations determined that their average lifetime to be
in the range of 100 ps to 40 ns.* The lifetime of benzyl carbocation in an aqueous solution was
estimated to be 0.7 ns by the flash photolysis method.?® The direct dynamics simulation using
density functional theory predicted the average lifetime of bornyl carbocation (nonclassical) is
around 100 fs.’” The table below summarizes the above findings. These are some typical
examples and many other such reports in the literature can be noted, which suggest fleeting

lifetimes of the alkyl carbocations in the range of nanoseconds to picoseconds or even lesser.

Carbocation Range of the Methods used
estimated average
lifetime
Tertiary (alkyl) 1012- 1013 sec. Vibrational Raman spectroscopy,?’
Azide clock,
Laser flash photolysis*
Secondary (alkyl) | 10 - 10!3 sec. UV absorption,?
Laser flash photolysis?
Bornyl 1013 - 10714 sec. Dynamics simulation using density
functional theory?’
Benzylic 107 sec. Laser flash photolysis3®
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Supplementary Note 4

The increase in spray voltage (0 to +5 kV) resulted in more highly charged water droplets®
improving the carbocation detection efficiency. However, the opposite effect with the
acetonitrile microdroplets (Figures S7) possibly resulted from the rapid droplet evolution (fast
solvent evaporation and Coulomb fission) on increasing the spray voltage,*® which in turn
caused carbocation ejection or desolvation at the early stage before those bare analytes could
reach to the MS inlet capillary for detection. Moreover, when no voltage is applied to the DESI
source, the pneumatic spray alone can also impart droplet charging by statistical fluctuations
of ions in the liquid aerosol, similar to the sonic spray ionization mechanism.**#? This type of
pneumatically assisted microdroplet charging and the action of the sheath gas along with the
pneumatic force of the mass spectrometer vacuum at the inlet can also explain why carbocation

signal was still detected at the zero volts.

Supplementary Note 5

Typically, the average lifetime of such microdroplets generated by the DESI process is on the
order of milliseconds?® during which the carbocation is ejected out from the droplet to the gas
phase. Although the average lifetime of a carbocation (with some exceptions like stable
triarylmethyl carbocations) in bulk could be much shorter (nanoseconds to picoseconds,
Supplementary Note 3)?*27 than that of a microdroplet, the carbocation detection in this process
becomes feasible possibly caused by intimate ion pairing as discussed above, and/or the
carbocation generating original reaction continues in the droplet also. Indeed, recent reports
showed clear evidence that bulk-phase reactions can be accelerated in microdroplets,*-** which
is now the subject of much discussion in microdroplet chemistry,*¢ a newly emerging field.
Therefore, it is extremely likely that the successful isolation of the carbocation intermediate
from the solution to the gas phase followed by its mass spectrometric detection is largely

facilitated by the unique charged environment of the DESI microdroplets.
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Supplementary Note 6

The dielectric constant and surface tension are known to be two important factors in
determining the charge density in the electrosprayed droplet.’® 47 Among all the spray solvents
studied (Table S2), water has the highest dielectric constant and surface tension to tolerate high
charge density in the evaporating droplet. Therefore, the carbocation ejection is likely to be
facilitated from microdroplets composed of water than that of organic solvents.3® The high
electric field generated at the air-water interface*®#° can also boost the carbocation desorption
from the highly charged (positive) water microdroplet surface. Moreover, the carbocation
formation followed by the intimate ion pairing in the aqueous microdroplet could also be
facilitated by the high polarity of the water (Table S2). Unlike water microdroplets, relatively
low polarity and high volatility characteristics of organic (e.g., methanol and acetonitrile)
microdroplets could be the reason for their poor performance in the carbocation detection by

DESI-MS.

The combination of N,N-dimethylformamide (DMF) with acetonitrile (1:1, v/v) was shown
earlier to be an effective DESI solvent system to detect both positively and negatively charged
molecules from a variety of samples.’® When we sprayed this binary solvent system in our
experiment, no (Figures 4a-b) or very low signal intensity (Figures 4c-d) of the carbocation
was observed despite the low volatility of DMF. This result suggests that carbocation survival
in the microdroplet depends on the cumulative effects of the surface charge density, solvent

polarity, and volatility associated with the droplet evolution.
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Supplementary Note 7

We evaluated the effect of the water (DESI solvent) pH on the efficacy of carbocation
detection. We gradually decreased the pH of the water from 6.18 (measured pH of the LC-MS
grade water) to 2.15 by adding formic acid to the water before spraying it into the DESI source.
Figure S8 shows a typical study with fert-butyl carbocation. Interestingly we observed that the
tert-butyl carbocation signal intensity moderately increased below pH 4.1 under +5 kV DESI
spray potential (Figure S8a). When the same experiment was performed under 0 V DESI spray
potential, no carbocation (1) was detected till pH 3.1 but a very low abundance of the zerz-butyl
carbocation was traced at pH 2.15 (Figure S8b). We also examined whether or not the lowering
of the spray solvent pH can cause carbocation formation from the pure substrate, e.g., tert-
butanol (no reagent added). Interestingly we traced the low-intensity signal of the zerz-butyl
carbocation, which formed below pH 4.1 (Figure S8c). This observation can be attributed to
the report of Colussi and coworkers that protons emerge to the surface of the water below pH
4 and these interfacial protons are likely to contribute to making the microdroplet superacidic.’!
Therefore, at low pH, a partial contribution of the formic acid in generating the tert-butyl

carbocation from fert-butanol (1) cannot be ignored in Figures S8a-b.

We also evaluated the effect of low pH of the spray solvent (water) on the detection of a number
of carbocations (Figure S9) from the elimination reaction (1 and 4, Figure 2), substitution
reaction (5, Figure 2) and oxidation reaction (6, Figure 2). Though low pH significantly
affected the carbocation interception from the elimination reaction, where alcohol is the
substrate, it could not affect substitution and oxidation reactions, where 1-bromoadamantane
and ethylbenzene are substrates, respectively. This observation is related to the mechanism of
the carbocation generation.?? 3233 Superacidic microdroplet can protonate the substrate
containing alcohol functional group and thereby contribute in catalyzing the carbocation
forming reaction, whereas this effect is insignificant for the other two types of substrates as

mentioned above.
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Table S1. List of carbocations and their precursor substrates considered in this study (Figure
2). The m/z values of the detected carbocations (Figure 3) are also tabulated representing the
accuracy in their detection.

Precursor substrate Intermediate Theoretical | Observed Error
carbocation* m/z value m/z value (ppm)

57.0699 57.0699 0

139.1481 139.1481 0

369.3516 369.3517 +0.27

95.0855 95.0856 +1.0

135.1168 135.1168 0

105.0699 105.0699 0

81.0699 81.0698 -1.23

95.0855 95.0855 0

*Copper(Il) triflate mediated alcohol dehydration (elimination) reactions were followed to develop the
intermediate tertiary (1), secondary (2-3), and nonclassical (4) carbocations. The hydrolysis (substitution) reaction
of 1-bromoadamantane was followed to develop the intermediate bridgehead carbocation (5). Benzylic (6) and
allylic (7-8) carbocation intermediates were generated in the copper-catalyzed oxidation reaction. See Figure 2
and Materials and Methods for details.
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Table S2. List of solvents used in the microdroplet production in the DESI for screening their
efficacies on capturing carbocations.

Solvent Abbreviation | Dielectric constant (¢) | References
at 20 °C

Water H>O 80.37 o

Water/Methanol (1:1, v/v) H,O/MeOH 56.53 >4

Water/Acetonitrile (1:1, v/) H>O/ACN 56.92 33

Methanol MeOH 32.35 o

Acetonitrile ACN 36.62 3536

Methanol/Acetonitrile (1:1, v/v) | MeOH/ACN | 35.40 36

Acetonitrile/Dimethylformamide | ACN/DMF 36.88 37

(1:1, vv)
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Materials and Methods

All necessary chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and Tokyo
Chemical Industry (Japan). HPLC grade solvents were purchased from Finar Ltd. (Ahmedabad,
India) and UHPLC-MS grade solvents [water (resistivity >18.2 MQ cm at 298 K), methanol,
and acetonitrile) were purchased from Biosolve Chimie (Dieuze, France). Microscope glass
slides and 4mL (1 dram) reaction vials (glass) were obtained from Borosil Glass Works Ltd
(Ahmedabad, India) and Chemglass Life Sciences (Vineland, NJ), respectively. Fused silica
tubing, stainless steel tubing, connectors, union body, tubing sleeves, and Hamilton syringes
were purchased from IDEX Corporation (Illinois, USA). The pH measurement was made using

HORIBA benchtop pH meter equipped with a micro pH electrode.

Desorption electrospray ionization mass spectrometry (DESI-MS)

The DESI-MS studies were performed with a home-built DESI source 2! (Figure S1) attached
to a high-resolution mass spectrometer (Orbitrap Elite Hybrid Ion Trap-Orbitrap Mass
Spectrometer, ThermoFisher Scientific, Newington, NH, USA). The source was constructed
by using an inner fused silica capillary (100 um i.d. and 360 um o.d.) for solvent delivery, and
an outer (coaxial) stainless steel capillary (0.5 mm i.d. and 1.6 mm o.d.) for nebulizing gas
(nitrogen) delivery (Figure 1). The charged microdroplets were produced in the positive mode
(+5 kV potential was applied to the stainless-steel needle of the solvent syringe) at 10 pL/min
solvent (UHPLC-MS grade) flow through the silica tubing with a coaxial sheath gas flow at 3
L/min (110 psi nitrogen gas). The stream of charged microdroplets, generated from this DESI
source at ambient temperature and atmospheric pressure, was allowed to strike a normal
microscope glass slide at an incident angle 55° with the spray tip-to-surface distance of 5 mm,
spray tip-to-mass spectrometric inlet distance of ~10 mm, and collection angle of ~5°. These
geometrical parameters produced DESI spray spot of diameter ~ 0.5 mm (from acetonitrile) to
1 mm (from water) on the glass slide. A reaction aliquot of 10 pL was quickly [minimal time
(few seconds) required for transferring the liquid aliquot from the reaction vial to the DESI
spray spot] dispensed using a pipette on the microscope glass slide under the impinging spray
of charged microdroplets (Figure S1) while the MS was kept on for data acquisition (Figure
S3). The splashing of these charged microdroplets resulted in the formation of secondary
microdroplets extracting the analyte molecules (ions), which were then transferred to the mass
spectrometer through a heated capillary inlet (stainless steel, length 14.2 cm, i.d. 550 pm)

causing the complete desolvation of the analyte ions. The heated capillary (MS inlet)
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temperature was maintained at 300 °C and the S-lens RF level was adjusted to 69.5 %. All
experiments were carried out under identical conditions, unless otherwise stated, to detect the
species within the range of m/z 50-1000 at resolution 60,000. Other ion optics were tuned to
get maximum ion count. Data acquisition was performed using XCalibur software (Thermo
Fisher Scientific). The species were identified based on high mass (m/z) accuracy (<1 ppm

error) and isotopic distribution pattern.
Generation and detection of carbocation intermediates involved in the reaction
The following model reactions were performed to generate different types of carbocation

intermediates, which were captured and detected by DESI-MS as described above.

Copper(Il) triflate mediated alcohol dehydration:

OH  Cu(OTf, 80°C

R
R, Rz Cyclohexane

R4

Through the intermediacy of

+
R/\/R2
1

We followed the report of Laali et al.’? to perform this reaction. Briefly, 0.4 mmol alcohol
(Table S1) was dissolved or suspended in 0.5 mL of cyclohexane with 10 mol% (0.04 mmol)
copper(Il) triflate. The vial was sealed and placed on a heating block preheated to 80 °C
followed by stirring. Following this, from time to time, a 10 pL reaction aliquot was rapidly
pipetted and dispensed on a glass microscope slide placed under the impinging spray of charged

microdroplets in the DESI probe (Figures 1 and S1).

Hydrolysis of alkyl bromide:

R1 DMF/H,0 (3:1 V) Ri
R2 7 Br L R2 VA OH
90 °C
R3 R3
Through the intermediacy of
R4
R2)+\R3

We followed the report of Tsai et al. 3 to perform this reaction. Briefly, the alkyl bromide
(here, 0.16 mmol 1-bromoadamantane) was dissolved in 0.5 mL of dimethylformamide (DMF)

followed by the addition of 170 pL of water. The reaction temperature was controlled at 90 °C
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with constant stirring. Following the addition of water, 10 pL of the reaction aliquot was

sampled in DESI-MS from time to time as described above.

Copper-catalyzed oxidation:

0
fRz 10 mol% Cu(OAc); R,
R KyS,0g (1.5 equiv) |
1 R
AcOH/H,0 (1:1 v/v) 1

Through the intermediacy of
+

fRz

R4

We performed this reaction following our earlier report 22. A reaction vial was charged with
the substrate (0.125 mmol), Cu(OAc)*H20 (12.5 umol, 0.1 equiv), and K2S>0s (0.19 mmol,
1.5 equiv). To this mixture was added 0.6 mL of AcOH and 0.6 mL of H>O. The vial was
sealed, placed on a heating block preheated to 105 °C, and the reaction mixture was kept under

stirring followed by aliquot sampling for DESI-MS study time to time as described above.

| —

ok
IS

nsyg reaction @
§ éo

Glass slide

Fused silica tubing fon
S| solvent deliver

Figure S1. DESI-MS setup for capturing transient carbocations from the reaction aliquot.
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Figure S2. Experimental (red line) and simulated (grey line) isotopic distribution pattern of
some typical carbocations (shown in the insets) detected in the DESI-MS studies. The
simulation of the isotopic distribution of the candidate molecular formula was performed by
processing the raw data using MassWorks software (Cerno Bioscience, USA). It should be
noted that the calculated spectral accuracy (highlighted in the insets) is related to the quality of
the experimental ion signals. The decrease in accuracy might result from the poor signal
intensity of the particular species observed in the experiment.
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Figure S3. Extracted ion chronogram of the #-butyl carbocation (1) detected by the DESI-MS
experiment. The spike of the m/z 57.0699 signal (inset) during the dispense of the reaction
aliquot in the DESI source (Figure 1) is indicative of the presence of #-butyl carbocation in the
reaction mixture. The MS detector was started before dispensing the liquid aliquot in the DESI

spray spot on the glass slide (see Materials and methods for details).

514



50.66 5234 56.19 66.78
100 = 6152 65.16 68.26
57.28 28 7022
@ (a) i 63.25 :
c 80 | y . | |
(] |
2 | |
E 60
<
o 40
T 20
T 20
0 -l :
55 60 65 70
mlz
5% . 149.02
&
ég(}’ ( )
-
3 60—
=1
E
2 40
2§ 207 114.08 13713 | 150.03
® T C5438 6499 7863 10431 | 118.09 ‘ ) 757‘-“
et Tt | e s 1
60 80 100 120 140 160
m/z
100+ 381.30
g 1 (c)
£ 80 353.27
2
3 60
T 40730114
® .- 30426
5 207 393.30
sl H | 43109 49004 51592 57481
t G T T L O R T
300 350 400 450 500 550 600
miz
91.04 gg97 122.05
0100’ gd 71.68 79.60
g g 242 79.02| 8708 9268 116.00
g B.73 11.62
5 60— 60.33 ‘
3 60
- | ‘ ‘ | )
o 40 f i
i | | ’ ‘ |
x
0 o " Ll | L | il il |
60 70 80 90 100 110 120
miz

100 138.56
g - (e) zoom
5 802 129.56
g -
3 60
<
v 40° 130.58
B |
T 20° 4
] 139.07
* 5 12895 | | | 13157 136.03 142.44 145.00
T T T % T T T T T
125 130 W 140 145
miz
98.9754
100 :
o = (f) 104.9923 149.0234
3
c 80
5
o
5 60
< ] 61.0284 116.9859  140.0020
5 - 83.0103 121.0496 |
&
w 20 1291274
xr T 95.0492
0 31-05-98‘ o N P T T Y O L
T T ] T LI — T
60 80 100 120 140
m/fz

77.99
100? (g)76‘97 a0

(]
S 80— 731 80.16 351 84.68 8584 8863 8968
o o i
5 60— |
Q2
<
g -
3 207
T 20
0 . -
78 78 80 82 84 86 88 90
m/z
1 ’ 86.342
51.541
q)10_ 58.920 go oo o1ess 100843
g 80 68.314 79.407 105,158
3 - || 96.760
> 60 1 | i n
o L[ i i\ k] il
<< 1 Il [Ibii | I L
2 40 ‘ |
3 207
['4
0 ‘
'} 100 110

Figure S4. Positive ion mode DESI-MS recorded from the control experiment of the precursor

substrate solution without adding any reagent/catalyst to it. The precursor solution (similar

concentration maintained in the respective solvent required for the reaction; see Figure 2 and

experimental details) was dispensed to the DESI source under the impinging spray of charged
aqueous microdroplets (Figure S1) followed by recording the mass spectral data. No ion signal
detected for (a) fert-butyl (1, m/z 57.0699), (b) 4-tert-butylcyclohexyl (2, m/z 139.1481), (c)
cholesteryl (3, m/z 369.3517), (d) 2-norbornyl (4, m/z 95.0856), (¢) adamantyl (5, m/z
135.1168), (f) benzylic (6, m/z 105.0699), (g) cyclohex-2-en-1-ylium (7, m/z 81.0698), and (f)
2-methylcyclohex-2-en-1-ylium (8, m/z 95.0855) carbocations. The observed signals are either
from the blank background and/or artifacts/impurities from the commercially available
substrates.
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Figure S5. Positive ion mode DESI-MS recorded from the control experiment of some typical
standard products (shown in insets), which were aliquoted in isopropanol for dispensing to the
DESI source under the impinging spray of charged aqueous microdroplets (Figure S1) followed
by recording the mass spectral data. No ion signal detected for (a) 4-tert-butylcyclohexyl (2,
m/z 139.1481) and (b-c) benzylic (6, m/z 105.0699) carbocations. The observed signals are
either from the blank background and/or artifacts/impurities from the commercially available
products.
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Figure S6. DESI-MS detection of the nonclassical 2-norbornyl cation (4) formed as the
intermediate during the conversion of exo-2-norborneol to exo-2-bromonorbornane in presence
of triphenylphosphine dibromide. The inset of the mass spectrum shows the temporal
evaluation of the carbocation (4) formation (intensity normalized to 1) allowing the real-time
monitoring of the transient intermediate from the given reaction.
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Figure S7. Effects of acetonitrile spray voltages on the detection of (a) 2-norbornyl (4) and (b)
benzylic (6) carbocations.
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Figure S8. Plots of the ters-butyl carbocation signal intensity as a function of pH of the water
that was sprayed in the DESI source to intercept the carbocation from the reaction aliquot
(Figure 2) examined at (a) +5 kV and (b) 0 V DESI spray potential. The pH was varied from
6.18 (measured pH of the LC-MS grade water) to 2.15 by adding formic acid to the water. (c)
The fert-butyl ion signal was also traced, albeit low in intensity, below pH 4 when
microdroplets, generated at +5 kV DESI spray potential, impacted pure fert-butanol solution
(no reagent added).
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Figure S9. Effect of lowering the pH of the spray solvent (water) on the ion signal intensity of
some typical carbocations intercepted from the reaction aliquot (Figure 2). The pH was lowered
to 2.1 by adding formic acid to the LC-MS grade water (original pH ~ 6.2). Y-axis shows the
fold change of the carbocation signal intensity on changing the spray solvent (water) pH from
6.2 to 2.1. DESI-MS was operated at +5 kV.
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Figure S10. DESI-MS detection of tert-butyl carbocation from the reaction aliquot (Figure 2)
bombarded with charged microdroplets of (a) H2O and (b) D20O. The increase of ion signal
intensity at m/z 58.0735 in (b) indicates the presence of nearly 10 % monodeuterated ferz-butyl
carbocation, which could be derived from the hydrogen-deuterium exchange of the unlabeled
carbocation in the D>O microdroplet. We will further explore this phenomenon in the future
for a more detailed understanding.
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