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Detecting Reaction Intermediates in Liquids on the Millisecond Time
Scale Using Desorption Electrospray Ionization**
Richard H. Perry, Maurizio Splendore, Allis Chien, Nick K. Davis, and Richard N. Zare*

The ability to detect reactive intermediates in solution using
mass spectrometry (MS) has significantly advanced in the last
decade owing to the development of atmospheric pressure
ionization methods such as electrospray ionization (ESI)."
The recent invention of desorption electrospray ionization
(DESDE! allows samples to be directly ionized in the open
environment and introduced into the mass spectrometer
without the need for sample pretreatment. These features
make DESI easily amenable to high-throughput analyses and
increase the variety of samples that can be analyzed by
MS.36 In DESI, charged droplets in a stream of gas are
directed at an analyte of interest, which has been deposited on
a surface. Upon impact, analyte molecules are extracted from
the surface into secondary microdroplets, from which gas-
phase ions are eventually formed.”” By adding reagents to
the spray, it is possible to perform reactions with compounds
adsorbed on surfaces and monitor the products in real time.!
Transfer hydrogenation using Ru organometallic catalysts in
the presence of a hydrogen donor is a simple, efficient,
nonhazardous, and highly enantioselective approach for the
reduction of multiple bonds.”'*!l The asymmetric reduction
of carbonyl bonds to form chiral alcohols is an important
reaction in nature and in organic syntheses.”! One approach
to synthesizing Ru" asymmetric transfer hydrogenation
catalysts is to react [{RuCly(p-cymene)},] (1) with amino
alcohol ligands (L) such as (1R, 2S)-cis-1-amino-2-indanol
(2; Scheme 1a).2"* Our research group has studied these
organometallic reactions at room temperature and atmos-
pheric pressure by placing 1 on a surface and L in the
nebulizer spray of a DESI source. Herein, we demonstrate for
the first time that DESI can intercept reactive intermediates
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Scheme 1. a) Proposed mechanism for the formation of a Ru' asym-
metric hydrogen-transfer catalyst from the reaction of [{RuCl,(p-
cymene)};] (1) with (1R, 2S)-cis-1-amino-2-indanol (2). The stated
experimental conditions refer to reactions carried out with bulk
quantities.””' b) The structures of other ligands studied: (R)-2-phenyl-
glycinol (3), 2-aminophenethyl alcohol (4), and 4-aminophenethyl
alcohol (5).

formed in the secondary microdroplets on the millisecond
timescale.

The analysis of 1 (SpL of 5x107°Mm solution in
CH,Cl, deposited on paper) by DESI using CH;OH as the
reagent spray solution (liquid flow rate = 10 uL min~'; N, flow
rate =0.6 Lmin~'; spray voltage =5 kV) resulted in signals
corresponding to the isotopic distributions at m/z 559,
m/z 579, and m/z 634, which are produced by fragmentation
and reaction of 1 with CH;0OH and H,O (Figure 1a; the
assignment of these signals will be discussed later). From this
point forward specific isotopic distributions will be referred to
using the m/z ratio of the most abundant signal. When amino
alcohol 2 (10™*m solution in CH;OH) was introduced as a
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Figure 1. DESI| mass spectra of 1 deposited on paper using in the
spray a) CH;0H, b) 2, c) 3, d) 4, and e) 5. The concentration of the
ligands 2-5 is 10™*m in CH;OH. Assignments of major signals are
described in the text.

reagent in the nebulizer spray (Figure 1b), additional isotopic
distributions are observed at m/z 420 and m/z 384, which
correspond to the protonated forms of the precatalyst (LF),
and a mixture of intermediate I (L") and the catalyst (L°).
From this point forward, specific reactive species will be
designated by substituting “L” with the numerical label for L
(Scheme 1). For example, intermediate I formed by reacting 4
with 1is designated 4". The observation of these species in the
mass spectra of the reaction of 2 with 1 agrees with previous
offline analyses of the bulk reaction carried out by ESI-MS."!
Furthermore, the proposed structures of LY, L', and L€ are
supported by previously published X-ray crystallographic
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structures of the analogous reactive species formed in the
reaction of 1 with 1,2-diamines.!'

One of the most exciting features of the mass spectrum
shown in Figure 1b is the signal at m/z 762, which corresponds
to the protonated form of the coordination species of 2 with 1.
A similar distribution is observed at m/z 750 when 3 was used
as the reagent (Figure 1c and see Scheme 1b for structure), as
well as the corresponding L* and [L'4-L€] distributions at
m/z 408 (3%) and m/z 372 ([3'4+3€]). From this point forward,
the coordination species of L with 1 will be designated
intermediate IT (L"). Note that the species produced from 3
have masses that are 12 Da less than the corresponding
species produced in the reaction of 2 with 1. Interestingly,
when the amine group is located on a carbon atom that is
farther away from the OH functionality (4 and 5; see
Scheme 1b for structures), the coordination complex at
m/z 750 is not observed (Figure 2d,e). Because the formation
of these ionic species depends on the relative positions of the
NH, and OH groups on the ligand L, this behavior strongly
indicates that m/z 762 (2") and m/z 750 (3") represent
intermediates in the reaction of 1 with 2 or with 3. Similarly,
another reaction intermediate is detected at m/z 460 and
m/z 448 (m/z difference of 12 Da) for the reaction of 1 with 2
or with 3 (designated intermediate I1I (L™); m/z 460 and m/z
448 correspond to 2™ and 3™, respectively), however, this
intermediate is not detected for the ligands that have a greater
distance between the NH, and OH groups. These results
indicate that formation of L™ and L™ of 4 and 5 is not as
thermodynamically or kinetically favored as the reactive
intermediates formed from the f-amino alcohols.

The signals at m/z 408 and m/z 372 in Figure 1d indicate
that 4 also reacts with 1 to produce 4% and [4'+4°]. A
comparison of the sum of the signal areas™ for m/z 372 and
m/z 408 for 3 (12046 x 107) and 4 (16 +2 x 107) suggests that
in the same time period, 3 produces 7.6 + 1.0 times more of
these species than 4 under the same experimental conditions
(unless specified otherwise, areas and intensities are obtained
by integrating signals for the first 15 seconds of the analysis,
errors represent one standard deviation calculated from three
measurements, and ten spectra are averaged per measure-
ment). A similar comparison for 2 (114+1x10’) and 3
illustrates that they produce similar amounts of L* and
[L'4-L€], which is not surprising owing to the similarity of
their chemical structures and previous reports'' demonstrat-
ing that the rate of the bulk catalytic reaction is similar for 2
and 3. For example, when acetophenone is the substrate,
1-phenylethanol is produced with yields of 70% in 1.5 hours
and 95% in 2 hours for 2 and 3 (i.e. a ratio of ca.1.2).¥
Furthermore, the intensity of L and [L'+ L€] relative to
m/z 579 is generally lower for 4 (5+3% and 9+2%)
compared with 2 (6+2% and 17+5%) and 3 (9+1% and
13+2%). These lower abundances demonstrate that the
reaction is more favored when the NH, and OH groups of L
are located on adjacent carbon atoms, thus providing addi-
tional support for the assignment of the L™ and L™
intermediates in the reaction of 1 with -amino alcohols.

When solutions of 1 and L are infused into a static mixing
tee followed by online EST-MS,' L" and L™ are not observed
in the acquired mass spectra (data not shown) because the
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reaction time is longer (ca. 15 s) compared
with the reaction time in the desorbed
microdroplets of DESI (a few milliseconds
for a droplet velocity of ca. 4 ms~'l" and a
separation distance of ca. (0.5 cm between
the spot and the inlet of the mass spec-
trometer). These results are in agreement
with previous offline ESI-MS analyses of
the bulk reaction, in which only the LF, L,
and L® were reported.” For 2 and 3, [L'+
L] is the most abundant distribution in ESI
mass spectra (absolute abundance is ca. 2 x
107 for both ligands) and all the other b)
signals have relative intensities lower than
approximately 15 %. However, for 4 and §,
species formed from the reaction of 1 with
CH;0H are the most abundant and have
absolute intensities similar to experiments
in which 1 and CH;OH were infused into
the mixing tee (absolute abundance is
ca. 2 x 10 for all cases).!"®! All other signals
in ESI mass spectra of the reaction of 1 with
4 or 5 have relative intensities lower than
approximately 15 %. Furthermore, the rel-
ative intensity of [4"4 4] is approximately
2% and no reactive species were observed
for 5. These results demonstrate that 2 and
3 react faster with 1 compared with 4 and S.
All the ESI results are consistent with those
obtained using DESI (Figure 1), thereby
providing additional support for the claims
that the NH, and OH positions play an
important role in the formation of L™ and
L™ and that these intermediates are rele-
vant to the reaction mechanism.

In the proposed mechanism for the bulk reaction the NH,
and OH groups of L are in positions that allow simultaneous
formation of stable bonds with the Ru atom (Scheme 1).
Although the NH, group of 4 is not in the [} position with
respect to the OH functionality, rotation around the C—C
bonds of the ethyl alcohol substituent produces a conforma-
tion that allows the formation of 4", thereby facilitating the
reaction. However, because 4 requires a specific structural
orientation to react with 1, the probability of forming 4" is
lower (i.e. the frequency factor of the Arrhenius equation is
smaller) than the probability of forming 2" and 3". These
results are in agreement with the observation that the LF,
intermediates (i.e., L', L™, and L™), and L€ of 2 and 3 have
higher abundances than the corresponding reactive species
for 4. When the NH, and OH groups are located at opposite
ends of the molecule (5), the Ru atom cannot simultaneously
form stable bonds with both functionalities, so no reactive
species were observed regardless of the experimental con-
ditions or concentration of the reactants.

Potential structures for the species at m/z 762 have Ru
atoms with 18 valence electrons, if, in the latter two structures,
one or both of the p-cymenes can adopt an 1-coordination
geometry (Figure 2a)." The average deviation® of the
experimental relative abundances from the calculated values
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Figure 2. a) Possible structures for some of the reactive species at m/z 762 formed in the
reaction of 1 with 2. b) Comparison of the experimental (gray) and calculated (black)
isotopic distributions of intermediate Il (L") formed from the reaction of 1 (15 pg deposited
on paper) with 2. The concentration of 2 is 107 m in CH;OH. The distribution is a proposed
mixture of [142+H]*, [142—Cl+2H,0]*, and [14-2—CyoHy4 +3 CH;OH +2 H,0+HJ* in the
ratio of 2:5:1. The average deviation of the experimental relative abundances from the
calculated values is shown in the upper right hand corner of (b). Each error bar represents
one standard deviation calculated from three measurements, with ten spectra averaged per
measurement.”” Potential structures for the species formed when 3 or 4 reacts with 1 are in
Figure ST of the Supporting Information. Reactive species are not observed for 5.

is 5+1% (Figure 2b), thereby providing support for the
proposed assignments. Similar structures for m/z 750 (see
Figure S1 in the Supporting Information) have average
isotopic deviations of 6 +1% from the calculated values
(data not shown). The chemical structures for all the reactive
species detected in Figure 1 could not be unambiguously
determined (e.g., the structure of intermediate III could not
be determined from the acquired mass spectra) because of the
many isobaric species present in the mass spectra. However,
the formation of these isotopic distributions depends on the
relative positions of the NH, and OH groups (Scheme 1b),
thus indicating that these species participate in the reaction.

The proposed structures for the reaction intermediates
formed when 1 reacts with CH;0H (m/z 634) are all stable
18 valence electron species (Scheme 2). These structures are
produced by subsequent eliminations of H, from [1-3Cl+
4CH,OH—-2H]* (m/z633) and [1-2Cl+3CH,;OH-H]"
(m/z 637), thus resulting in species that have formaldehyde
coordinating with the Ru atom. The species at m/z 634 can be
represented as [m/z 633—xH,]" and [m/z 637—yH,]", where x
and y are the number of H, eliminations. The most abundant
species formed from the reaction of 1 with CH;OH is m/z 579,
which is proposed to be a mixture of [1-CI]*, [1-Cl+
2H,0-HCI]*, and [1-Cl-CH;,+3CH;0H +2H,0]".
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Scheme 2. Possible structures for some of the chemical species formed in the reaction

of 1 with CH,OH.

Finally, m/z 559 corresponds to [1-Cl + H,O—HCI]". For the
three distributions, the average isotopic deviations are
54+1% (calculated ratio of 2:2:5:3 for x=0, x=2, y=0,
and y =2, respectively), 4+ 0% (calculated ratio of 5:2:1),
and 6 2 %, respectively.

Dissociation of m/z 762 produces m/z 576 in tandem mass
spectra (MS"), which correspond to the loss of [2+H]" and
36 Da (loss of 2H,0 or HCI). Further dissociation of m/z 576
(MS?) produced three m/z distributions that are separated by
approximately 36 Da (m/z 468, m/z 503, and m/z 540), which
are caused by sequential loss of 2H,O or HCL This
fragmentation pattern is confirmed by MS* experiments in
which dissociation of m/z 540 produced fragments at n/z 503
and m/z 468, and dissociation of m/z 503 results in m/z 468.
The fragment at m/z 468 is also observed in MS spectra for 4
and 5 but not for 2 and 3 (Figure 1), which suggests that
reaction of 1 with 3-amino alcohols is the preferred pathway.
Fragments at m/z 289 and m/z 303 in the MS? spectra of
m/z 762 involve the coordination of H,O and CH;OH with
[RuCl(p-cymene)], respectively. The MS?® spectra of m/z 634
(MS? of m/z 634 yields m/z 576) and the MS? spectra of
m/z 579 for the reactions of 1 with 2 (or with 3) and CH;0H
are similar, and this observation further supports the pro-
posed structure of 2" In addition to these observations,
dissociation of 2™ and 2* both yield the signal at m/z 384,
which supports the conclusion that these species are relevant
to the reaction pathway. All of the trends and fragmentation
patterns described above were also observed for 3. The
dissociation pathways observed in MS" spectra agree with the
proposed structures and mechanism, thus providing addi-
tional support for the proposed structures of the intermedi-
ates.

In addition to the proposed structures, other reactive
species and fragments, as well as background ions were
observed in DESI-MS spectra of the reactions of L with 1
(compare Figure 1b—e with Figure 1a). Background ion
signals (e.g. m/z 487, m/z 513, and m/z 535 in Figure 1b)
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were distinguished from signals of reactive
species by comparing the results in Figure 1b-
le to mass spectra acquired when L is sprayed
on blank paper (data not shown). In these
experiments, the isotope patterns of the ion
signals are much simpler because they do not
contain any Ru atoms, thus ruling them out as
reactive species.

The concentration of the reactive species in
the microdroplets can be estimated from the
acquired ion currents. Using 0.0001% as a
rough estimate of the transfer efficiency from
the surface to the detector of the mass spec-
trometer,” approximately 10"°~10'* molecules
of the identified reactive species of 2 are
estimated to be formed when 2 (250 pmol
impact the surface in 15s) is reacted with
approximately 10" molecules™ of 1 on the
surface (ca. 15 ug deposited) for 15 seconds.?”
The diameter of the droplet leaving the surface
is approximately 2 um,!” so the concentration
of the reactive species in the droplets is
estimated to be in the micromolar regime assuming that dry
ions are not formed before entering the mass spectrometer.

DESI-MS allows chemical reactions that occur in micro-
scale volumes (droplet volume of approximately 4 um?) to be
probed in real time. As discussed above, the short timescales
of desorption and ionization allow detection of reaction
intermediates that have lifetimes on the order of milliseconds
with high sensitivity (pmol quantities). These capabilities,
coupled with the high-throughput features®>® and enhanced
reaction rates in DESI microdroplets™! should make it a
powerful tool for elucidating reaction mechanisms. These
discoveries open a new route for the study of novel chemistry
through liquid-phase reactions.
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