lon molecular reactions: the beginning
of research and recognition of chirality.

Evgeny Nikolaev
Skolkovo Institute of Science and Technology




The first mass spectrometer in Soviet Union
N.N.Semenov and V.N.Kondratiev 1924

e + HgCl,, HgJ,, ZnCl,

N.N.Semenov, Electron Phenomena (A.F. loffe editor)
Leningrad1928



—liijili—

Fre. 5.—Dempster’s Apparatus.

Tur Sreoxn MAS:-SFECIHOGRAFH
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Fig. 19.—Diagram of Second Masa-Spoctrogriph.




Kustodiev B.M.
Portrait of Prof. Peter Kapitsa and Nikolay Semenov 1921
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Special Feature: Historical

V. L. Tal'roze A. K. Ljubimova

Secondary processes in the ion source of a mass
spectrometer (presented by academician N.N. Semenov 27
viili 1952)—reprinted from report of the Soviet Academy of
Sciences, Volume LXXXVI, -n5 (1952)

First published: 04 May 1999

https://doi.org/10.1002/(SICI1)1096-9888(199806)33:6<502
:AID-JMS685>3.0.C0O;2-%23
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CHs+e — CH,”,CH;" . CH,”,CH", C", H,", H"
CH,"” + CH, - CHs" + CH;’
CH;" + CHy; —» CH;" — CoHs™ + H
CH," + CH, - C,H,™ + H,
CH,” +CH; > CH; +H, + H
C,H;"+ CH, —» C;Hs" + H,
CoHs" + CHy — CsHy' + Hy



16 M 17 [M+H]

00 — 15 100 —
- methane, 10-4 Pa . 29 methane, 102 Pa
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Comparison of the methane spectrum upon electron ionization at different ion
source pressures: (a) approx. 10~ Pa, (b) approx. 102 Pa. The latter represents the
typical methane reagent gas spectrum in positive-ion CI.
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Percentage of total ionization above m/z 12 (% 212) of CH 4*,
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From Wikipedia

Methonium or CH.* is protonated methane.

This ion exists as a reactive intermediate in interstellar space
and can be produced in the laboratory in low concentrations in
the gas phase at low temperatures.

This compound is considered a CH;* carbenium ion with a
molecule of hydrogen interacting with the empty orbital in a 3-
center-2-electron bond.



http://en.wikipedia.org/wiki/Protonation
http://en.wikipedia.org/wiki/Methane
http://en.wikipedia.org/wiki/Reactive_intermediate
http://en.wikipedia.org/wiki/Interstellar_space
http://en.wikipedia.org/wiki/Carbenium_ion
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/3-center-2-electron_bond

CH:"

Mystery of the structure

Fred McLafferty

| do not believe....



The proof of CH5+ existence by resolving of m/z=17 multiplet.

Jdoniage Awageman
1953. Tow NCIIT. N 6

Hays CCCP

H. E. AJIEKCEEBCKIIH, B. Jl. TAJBLPO3E u B. H. WWEJISIMIH

NOKA3ATEJIbCTBO CYLWLECTBOBAHUS UOHA CHT NMYTEM
PASPEWIEHKSI MYJIbTHUIIJIETA 17 B MACC-CNNEKTPE METAHA

({Ipedcmasaero axalesuros J1. JA. Jancay 27 X 1953)

100 —_ ks
80 / — L°Hs
» | A N
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Peter R. Schreiner,

Does CH:" Have (a) Structure? A Tough Test for
Experiment and Theory

Angewandte Chemi& Volume 39, Issue 18 , Pages
3239 — 3241

Published Online: 13 Sep 2000


http://www3.interscience.wiley.com/rss/journal/26737
http://www3.interscience.wiley.com/rss/journal/26737
http://www3.interscience.wiley.com/cgi-bin/jhome/26737
http://www3.interscience.wiley.com/cgi-bin/jissue/73500471

A. J. R. Heck, L. J. de Koning, N. M. M. Nibbering, J.
Am. Soc. Mass Spectrom. 2, 453 (1991).

... which showed that in the absence of intermolecular
collisions, CH,D* and CD,H* are not rearranging but
are stable. That these ions are relatively stable
complexes of [CH;HD]* and [CD;HD]* was

inferred from quenching reactions with NH,

he two hydrogen atoms in H, can continuously
exchange positions with the three hydrogen atoms in
the CH;* so the methonium ion is considered a
FLUXIONAL molecule.

The energy barrier for the exchange is quite low and
occurs even at very low temperatures.



Fluxional molecules are molecules which
can undergo a "self" reaction wherein
bonds rearrange to a structurally identical
molecule. Isotopic labelling, however, can
demonstrate that bonds have actually
shifted



http://en.wikipedia.org/wiki/Molecule

“In view of these arguments, it is likely that experiments
performed systematically for a family of CH.* isotopomers
will lead to crucial novel insights into this fascinating
molecular ion.

As we concluded in our perspective, CH:* will certainly
continue to challenge many groups in various fields of
expertise for some time to come.”

SCIENCE VOL 286 5 NOVEMBER 1999 1051-1052a
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Observed overall infrared spectrum of CH;* as compared with spectra of CH,* and CH;*

Understanding the Infrared Spectrum of Bare CH;* Oskar Asvany, Padma Kumar P,
Britta Redlich, llka Hegemann, Stephan Schlemmer, Dominik Marx , Science 309, 1219
(2005).

Quantum Deconstruction of the Infrared Spectrum of CH:* Xinchuan Huang, Anne B.
McCoy, Joel M. Bowman, Lindsay M. Johnson, Chandra Savage, Feng Dong, David J.
Nesbitt Science 311, 60 - 63 (2006)


http://en.wikipedia.org/wiki/Science_(journal)
http://en.wikipedia.org/wiki/Science_(journal)

Chemical ionization



In a Cl experiment, ions are produced through the collision of the analyte with
lons of a reagent gas that are present in the ion source. Some common reagent
gases include: methane, ammonia, and isobutane. Inside the ion source, the
reagent gas is present in large excess compared to the analyte. Electrons
entering the source will preferentially ionize the reagent gas. The resultant
collisions with other reagent gas molecules will create an ionization plasma.
Positive and negative ions of the analyte are formed by reactions with this
plasma.

Primary ion formation Munson, M.S.B.: Field, F.H. J. Am. Chem.

CH, +e” — CH;" +2e” Soc. 1966, 88, 2621-2630. Chemical
lonization Mass Spectrometry. |. General
Introduction

Secondary reagent ions
CH, + CH;* — CH; + CH;
CH, + CH; — C,H; +H,

Product ion formation
M+ CH; — CH, + [M + H]™ (protonation)

AH + CHQ’L — CH, + AT (H abstraction)
M+ C,H — [M+ C,H,]" (adduct formation)
A+CH; — CH, + A" (charge exchange)

Self chemical ionization occurs when the reagent ion is an ionized form of the analyte.



https://en.wikipedia.org/wiki/Ion_source
https://en.wikipedia.org/wiki/Methane
https://en.wikipedia.org/wiki/Ammonia
https://en.wikipedia.org/wiki/Isobutane
https://en.wikipedia.org/wiki/Plasma_(physics)
http://dx.doi.org/10.1021/ja00964a001
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Comparison of (a) 70 eV El spectrum and (b) methane reagent gas Cl spectrum of
the amino acid methionine. Fragmentation is strongly reduced in the Cl mass spectrum.
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Surprising application



Titan
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Cassini—Huygens mission to Titan




Density profiles of several important ion species. Densities measured by
the INMS are shown versus altitude, time from CA, and solar zenith angle
(SZA) for the outbound T5 encounter of Cassini with Titan. The latitude and
local solar time at CA are 73.7 deg. N and 0.7 hrs., respectively. Total
INMS ion density and an electron density profile measured by the RPWS
experiment are also shown.
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JACS 80,9(1958) 2344

DETERMINATION OF PROTON AFFINITY AND BOND
DISSOCIATION ENERGY BY ION IMPACT METHOD
Str: '

Until recently there were no experimental
methods for the determination of the proton affinity
of saturated molecules. A method for such a de-
termination has been proposed by the authors!
and it consists in investigating reactions between
ions and molecules in the ionization chamber of a
mass spectrometer. If, under the experimental
conditions, a reaction can be observed, one may
conclude that the reaction has no activation energy
(to within an accuracy of 1-2 kcal./mole) and that
it is either thermoneutral or exothermic. If a
reaction is not observed one may conclude that it is
endothermic. After a number of reactions have
been investigated, the above criterion can be used

- to set up a series of inequalities and to determine
thereby the limits within which either the proton

(1)'V. L. Tal'rose und E. L Fruokevitch, Duklady Alud. Nank
S.S.S.R.. 111, No. 2, 37 (19Y56).

q_den
- K MaKomenp. 4 o

STaMITE

Evgeny Frankevich B . s o £
Discovering of absence of activation energies in ion IJ
molecular reactions and fork (bracketing) method # Qg racocy

K Uspren Gresme



TMyers R,H u ReH — Bogopofcoaepxamue Monekyasi: R, ¥ Rz — mobbie \
pajukanbl; M — MoJekysna, CPOACTBO K MPOTOHY KOTOPOH Mbl XOTHM OIpefe-

WJIUTh.
[IpeanosioxuM, YTO NpOLECcC .
A. RyH 4+ M+ =R, + MH* ofnapyxuBaercs, Observed
4 Iipoiecc :
< P B. RoH + M+t =R, -+ MH* ne obuapyxuBaercs. —> Not observed

/To_muomm_m&nm!ma uTO
= DR —H+IH—-IM<Py<DR—H+IH—-IM),  @r—

‘rie D(R—H) — sHeprus aucconyauuu ceasy R—H; /(M) — noreHunan HoHu-
3auud yacTHibl M; Pp— CPOACTBO K IPOTOHY dYacTuubl M.
Jpyroit cayyaii: mpoue

S I S Y T ey T Observed

< a mpomece > Not observed

[, RoH* - M = Ro -+ MH* ne ofHapyxunaezes

Torpa ¢
= DR—H+IH—IRH<Py<DR—H+IH—IRH. B — ,
Takum o6pasom, BejinyuHa Py Gepercss B «BHJAKY». ECTeCTBeHHO, YTO, CTpe- fork (bracketlng)

MSiCh TIOYUMTh HauGoJiee Y3KYIO GBHJKY», MOXHO KOMOGHHHPOBATb IONApHO method
~aobbie 3 mpoueccos A, B, B u T. Ilon6upas naubosnee nopxoxsmue R,H u

R:H, MOXHO, NOBHAUMOMY, B psifie CiydaeB CleNaTh 3Ty «BHJKY» AOCTATOYHO j
V3KOH M OLEHHTb BEJHUUHY Py C HOBOJBLHO 60JBLIONK TOUHOCTHIO. J/
TaBLs 1
nnttjipl';e:er . Mean obuiD:te: by
Wy s s ot Nol/oid  ‘tpact methiod
171 H,0 + GHy* -4 H,0t + CH, 169!
167 H,0 + HsS*— H,0* + HS
183 CH,0H + NH,;+-% CH,OH;* + NH; 180
177 CH,0H* + H;O - CH,0H,* + OH
202 C:HOH + CH* -/ C;H\OHa* + CiH, 193
185 CH,OH+ + H,O — C;H;,OH;* 4+ OH
79 Hy* + CH; -4 H;* + CH 70
61 H,* + Hy—H,*+ H
129 CH,* + H,0 -4 CH,;* + OH 122 °

114 CH;* + CH,— CH;* + CH,



TMyers R,H u ReH — Bogopofcoaepxamue Monekyasi: R, ¥ Rz — mobbie
pajukanbl; M — MosieKkyJsa, CPOACTBO K NPOTOHY KOTOPOi Mbl XOTHM OIpefje-
JHTb.

[Ipeanonoxxum, yTO Tporecc :

A. RyH 4 M+ =R, 4+ MH* o6rapyxuBaercs,
a Tpouecc :
B. RyH + M+ = R, -+ MH* He obHapyxHBaeTcs.
Torjja MOXHO YTBepKJAaTb, YTO
D (R, —H) + I (H)— I (M) < Py < D (Rg —H) + 1 (H) — I (M), (a)
‘rie D(R—H) — sneprusi qucconmanuy cBsisy R—H; /(M) — norenuuan uoHu-
3auud yacTHibl M; Pp— CPOACTBO K IPOTOHY dYacTuubl M.
Ipyroi cayyaii: mnpouecc
: B. RyH* 4 M = R; 4+ MH* o6napyxupaercs,,
4 mpouece
I. RgH* 4 M =Ry + MH* He oGxapyxuBaerc.

Torna . _

D (Ry—H) 4 I (H) — I (RiH) < Py < D (R —H) + I (H)— I (R.H). (6)

Takum o6pasom, BejinyuHa Py Gepercss B «BHJAKY». ECTeCTBeHHO, YTO, CTpe-
MACh TOJAYYMTH HauboJiee Y3KYIO «BHJIKY», MOXHO KOMOHHHPOBATb IIONapHO
mobuie u3 npoueccoB A, B, B u T'. Tlog6upas naunbonee nopxopsiiue RH u
R:H, MOXHO, MOBHAUMOMY, B pPsifie ClIydaeB CAENaTb 3TY «BHJKY» HOCTATOYHO
V3KOH M OLIEHHTh BEJHUHUHY Py C JOBOJbLHO OOJBIIOH TOYHOCTHIO.

\

% MeToa «BUIKU»

j Now 166.7 kcal/mole

Data
obtained by
the electron
impact method

TaBLE 1
Upper
and lower Mean
limits, Reactions by which upper and values,
! SweHimits were o oimed cal./mole
171 H,0 + CH* -4 H,0+ + C:H, 169!
187 H,0 4+ HsSt— H,0* 4+ HS
183 CH,0H + NH,;* -4 CH;OH,* 4+ NH, 180
177 CH,0H* 4+ H;O - CH,0H,;* 4+ OH
202 C:HOH + C¢H* -4 C;HOH,* + CiH; 193
185 C,H,0H + 4+ H,0 — C;H,OH,;* 4+ OH
79 Hy* 4+ CH; -4 H;+ + CH 70
61 H,* + Hi— H,* + H
129 CH* + H,0 -/> CH,* + OH 122 °

114 CH;* + CH,— CH;* + CH,



Chirality

| -alanine




Homochirogenesis

Chirality discovered by L. Pasteur on 19th century

QUEH HDEg
H:i--DH Hﬂ:i-—l-l
HO=—L—=H H=—C—=0H
Co.H HO-C
D-Tartaric Acid L-Tartaric Acid

Pasteur, M. L. Ann. Chim. Phys. 1848, 24, 442.



Motivations for research in this field

Asymmetry In biological systems (left amino
acids / right sugars).

Origin of chiral asymmetry - origin of life

Basis of chirality conservation is chiral
recognition via supramolecular interactions.

Enantiomers differ in potency,
pharmacological action, metabolism.



Symmetry Breaking

Symmetry breaking consists in the discrimination
against one of the enantiomeric forms by
a physical, chemical or statistical process.

How did it occur?
-External chiral agents

-Biochemical evolution



Generation of chirality on Titan

. Plenty of energy sources (UV, cosmic rays,...)

. Aerosol particles are irregularly-shaped, may
polarize light under certain conditions

. Infall of meteorites, especially early on, may
have brought in non-racemic mixture of amino
acids

. Large spatial and temporal scales on the
surface might encourage amplification of
asymmetry

Unigque opportunity to test for generation of
chirality in planetary-scale, abiotic organic
system
The abiotic generation of homochirality on Saturn's moon Titan.

Lunine, J. |.; Beauchamp, J.; Smith, M. A.; Nikolaev, E..
Advances in Biochirality (1999), 257-270.




What is a mechanism of molecular recognition of chirality?
How can mass spectrometry address this questions?
Mass spectrometry the most sensitive but intrinsically achiral!

How can it help?



Methods of investigation of chirality
effects in ion-molecule interactions

 Chiral ion -chiral molecule equilibrium
Investigation

* Measurement of the supramolecular
complex decomposition rate constant
dependence on chirality

e Measurement of complex formation rate
constant dependence on chirality




Dimethyltartrate-classical object for investigations
of chirality effects. It is similar to tartaric acid and
salt but more volatile (10-° Torr saturated pressure)

LD DML Both methyl groups are deuterated for the L-form
H; C—0 OH to distinguish it from the D-form (6 mass units
N | mass difference between L and D forms)

C - Cc =
J
0 H
L-DMTyq
D;C-0 OH
N
C-C -
/ |

o H chiral centers




There are three possible forms of DMT molecules, corresponding
to 4 combinations of chirality of two chiral carbon atoms in the
molecule backbone (B3P86/3-21G* basis)

\
I I

I Identical I



Dimer formation event sequence In
chemical ionization (FT ICR trap)

lonize. Wait for the equilibrium (10 seconds)

v

Eject all but monomer

v

Wait for dimer formation. Detect  (0.1-100 seconds)



Dimer formation equilibrium in gas phase

M+e —— R*+ (M-R)+2e (lonization)
R*+M —— H*M + (R-H) (proton transfer)
HM+M —— H"My,* — H*M, (dimer formation)

H*'LL+D == H'LD+L (ligand exchange)



Cl of the mixture of dimethyltartrate of different chiral
forms with one form labeled(d6). FT ICR spectra

1005 rHY rH" -
] T 100 ] SH+ e

80 - 90 -

60 60
i + ]

40 rrfl 40 - . .
- i ssH rrH
1145 1517 d1as 150

20 - lJHJF et 20 1145 |1 )

. | srH |
0 - . 0- J Pm—n-dme
140 190 240 290 340 390 140 190 240 290 340 390

m/z m/z



Ligand exchange equilibrium
constant

H'DD  H*'LL
e H'DD+L <=>H*DL+D
e H*LL+D <=>H*DL +L
H*DL * K=[H"DL J*[D)/[H*DD [*[L]
« K, =[H*DL J*[L)/[H*LL J*[D]
« K,=K, =K
« [H*DL])/ [H*DD ]*[H*LL]

MF=-RT+In K



High pressure MS

Electron Gun (2keV)
To Mass Spectrometer
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H'M + M -> H*M, M= DMT

AH=-34 kcal/mol

k. ' Y .‘_.- &
eq i '-\'_!--"ﬁ?r:’I
. y : L]
0> old 50C
Lt |
0, o AH=-20 kcal/mol
I;L,a-'-'.'- I
¥
100000 Lo

0.00265 InversT 0,0034



H*'LD + L->H*L, LandD are DMT enantiomers

l}'ﬁ,
i”mw“w
"
%ﬁk | AH= 7.3 kcal/mol
AS=21 e.u.
AH= 4.4 kcal/mol
AS=21 e.u. \"%
I 50C g,
Vg,
.18 :
0.003% 0.0034

1/T



LIFLD + L->Li*L, LandD are DMT enantiomers

10 T
AH = 0.5 kcal/mol
AS=2.7eun. .
R A AP
.3 \
0.0823 0.00315

1/T



N, vapors
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H*'LD + L->H*L, LandD are DMT enantiomers

g - A a -results of this work

"'v,' v -results from [2]

w- A

-1.5- "'

-1.8-

1 AH= 6.3 kcal/mol
214 AS=21.09 cal/(mol*K) A

Aa

0.00315  0.00330  0.00345
4 -
e 4



The nature of molecular chiral recognition
In protonated DMT dimers

H*Dimethyltartrate DD-dimer H*Dimethyltartrate DL-dimer

B3P86/3-21G* basis B3P86/3-21G* basis
I /Y

\,
VAR N,

5.2 kcal/mole




H*(DMT), group
Ab initio Becke,Lee,Yang,Parr Method in 6-311G* bases

»
|

6.81 kcal/mole



LI*(DMT), (B3P86/3-21G* basis)




FT ICR spectra of Na* based DMT
clusters

Gas phase ClI emo

hetero / \
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monomers
dimers
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The nature of molecular chiral recognition
In protonated DMT trimers (propellers)




Possible distribution of peak intensities in dimer and
trimer groups

Dimers Trimers
Statistical Statistical
1:2:1 1:3:3:1
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. |
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Chiral discrimination in the decay

Tetramers (statistical)

|

Processes

Tetramers (statistical)

!

Trimers (non-statistical)
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Dimers (non-statistical)
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Protonated dimer decay
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Dimer decomposition event
seguence

lonize. Wait for the equilibrium (10 seconds)

v

Eject all but dimers

v

Wait for decomposition. Detect (0.1-100 seconds)
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Dimer formation

D = 00D

o @ k homo @ @
@ K hetero .

D

Is K homo equal to k hetero ?
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Influence of hydration on chiral recognition

Is chirality influence on dimer stabllity the
same In absence and presence of water
molecules in clusters???



High pressure Cl + FT ICR, Nikolaev, McMahon
1994 (unpublished data)
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How to add water molecules to DMT clusters?
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Mass spectrum of corona ions
at 40C

WaterClusters 030510205056 50C#191-296 RT: 6.36-9.88 AV: 106 SM: 7B NL: 3.22E5
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DMT sample of “unknown”




DMT vapors in laboratory air at 90C
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Protonated DMT dimers from molecules of the same
(left) and different (right) chirality
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Protonated DMT trimers from molecules of different
chirality
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H*(DMT), (H,0) ,

=2 The intensity distribution
— Is statistical!!!
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H*(DMT), (H,O) group

Ab initio Becke,Lee,Yang,Parr Method in 6-311G* bases

1.8kcal/mole

7.3kcal/mole




H*(DMT), (H,O), group

Ab initio Becke,Lee,Yang,Parr
Method in 6-311G* bases

AAG= 0.23 kcal/mole



Other 1onization methods



Home-built
AP thermoionization source



Atmospheric pressure thermoemitter
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Relative Abundance
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Chiral recognition



Methods of chiral recognition currently available

*Optical (of historic interest)

*Gas chromatography(needs chemical modification of
analyte)

Capillary electrophoreses(water based phases)

Liquid chromatography(low temperatures are possible)
*Mass spectrometry(more robust, complete identification

of the sample)



Chiral resolution of unmodified amino acid mixture
by ligand-exchange liquid chromatography
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Characterization of chirality influence on ion-molecular
complex stability and recognition of chirality by mass
spectrometry

 Fales

* Winkler
* Nikolaev
« Sawada
« Lebrilla
* Futrell
 Hashimoto
« Okamura
* Vekey
 Tabet

« Cooks



Protonated and Cut**based adducts of alanine
(ESI FT ICR spectra)
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(MeOH)(Pro)H*

100 -

o
o
o

= (MeOH)(Pro)Na*
[(MeOH)(Pro),Cu ~HJ*
[(Pro),Cu -HJ*

80 - 407

(Pro)H*

& (Pro),H*
L7
2
o

60 _

[(Pro),Cu —HJ*

116

(Pro),Na*

40 368

326 409

(Pro),Na*

Relative Abundance (%)

9
b~
& [(@Pro),Cu -H]*

6

3 [(Pro),Cu —HJ*

e
@0
]

20 | 2 524

638
0 ‘LMLM

106 200 300 400 500 600 700 800
m/z, Thomson

ESI mass spectrum of copper(ll)-proline solution. Major cluster ions are indicated.
Note the series of ions [(Pro),,Cu'"- H]+in which

n = 2-5. The spectrum was recorded for a 50:50 water:methanol solution of 10 uM
proline and 2.5 yM CuCl,-2H,0.




Kinetic method of proton affinity determination
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Kinetic method of chiral recognition

[Cull(a.a.)(ref)-H]
Ka

[Cull(a.a.)(ref*),~H]"

ref

[Cull(ref*),- H]"

o [Cu® (a.a)(ref*) —H] hetero/[Cu® (ref*), — H]"
[[Cu? (a.a)(ref*) — H] homo/[Cu® (ref*), — H]™

Tao, W. A.; Zhang, Duxi; Nikolaev, Eugene N.; Cooks, R. Graham.,
JACS (2000), 10598-106009.
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Figure 4. MS? product ion spectra of (a) [$Cul{(L-Pro),(L-Tyr) — H]™(m/z 473); (b) [$Cu(L-Pro),(D-Tyr) — H]*" (m/z 473). CID activation level
was chosen as 10%, corresponding to approximately 250 mV AC.

Enantiomeric Analysis of D,L-Amino Acids

BH" + A

J. Am. Chem. Soc., Vol. 122, No. 43, 2000 10607

Table 4. Fragment Ion Abundance Ratios of [Cu(A)(ref*) — H]™/[Cul(ref*), -H]™ in the MS? Spectra of [Cu(ref*),((a) — H]* at Different

Relative Concentration Ratios of Analyte (A) and Chiral Reference (ref*)”

[ref*]/[A] in the solution 4:1 2:1 1:1 1:2 1:4
[(L-Phe)(L-Thr)Cu® — H]*"/[(L-Phe),Cul — H]* 0.77 0.77 0.76 0.78 0.75
[(L-Phe)(L-Pro)Cu! — H]""/[(L-Phe),Cu — H]™ 1.9 2.2 2.2 2.4 2.9
[(L-Pro)(L-Tyr)Cu® — H]™/[(L-Pro),Cu — H]™ 4.2 4.2 4.2 4.2 43
[(L-Pro)(D-Tyr)Cu® — H|*/[(L-Pro),Cu — H[* 36 37 39 3 43
[(L-Pro)(L-Phe)Cu® — H]™/[(L-Pro),Cu® — H]* 1.8 1.8 1.9 1.9 1.9
[(L-Pro)(L-Leu)Cu® — H]*"/[(L-Pro),Cull — H]* 0.13 0.13 0.13 0.12 0.10
[(L-Pro)(L-Met)Cu® — H]*/[(L-Pro),Cul — H]™ 23 27 26 28 34
[(L-Pro)(L-Thr)Cu® — H]™/[(L-Pro),Cull — H]™ 0.87 0.89 0.87 0.88 0.85
[(L-Pro)(L-Asp)Cuf — H]™/[(L-Pro),Cu® — H]™ 2.0 3.0 29 3. 3.0

@ CID activation level was chosen as 10%, corresponding to approximately 250 mV AC dipolar excitation.



The nature of molecular chiral recognition
in amino acid Cu'' clusters



[Cull(A)(ref*)-H]" + ref*
[Cull(A)(ref*)-HI

[Culliret)-HI© + A



[Cu(l1) (PHE)(VAL)-H]*

BLYP 6-311G*
AAG = 5.9 kJ/mol




[Cu'(L-Ala-d,),(D-Ala) —H]*
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Recognition of alanine chirality by kinetic method

[Cu'(L-Ala-d,)(D-Ala)(L-Phe) — H]*
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Relative Abundance (%)
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2.5
+ [CuM(L-Tyr),(Pro) - H]* complex, Pro is the analyte
o [Cu''(L-Tyr),(Phe) - H]* complex, Phe is the analyte
5-
R2=0.998
1.5
3
s 1 R2=0.9982
0.5
0 ] T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-0.5

Fraction of D-enantiomer

Calibration curves for chiral analysis amino acids using single ratio method

with the [Cu"'(A)(ref*), — H]* system (A = analyte amino acid presents as a chiral
mixture and ref* is the chiral reference).



Degree of Chiral Recognition of Natural Chiral a-Amino

Acids®?
[Cull(ref*)(A) — H]™/
I — H+
et A(ACU'BDE)*
A" ref* D-1somer L-1somer  Reniral (kJ/mol)

Ala  L-Phe 0.049 0.024 20 2.1
Val 0.75 0.17 4.5 4.3
Leu .66 041 2.3 2.5
lle 1.7 0.36 4.8 4.6
Pro 12 2.2 53 49
Asp 3.0 1.1 2.7 2.9
Glu 11 3.7 3.1 33
Ser 0.28 0.18 1.5 1.2
Thr 1.4 0.76 1.8 1.7
Cys!

Met  L-Trp 1.8 0.23 7.6 5.9
Phe 0.11 0.013 8.3 6.2
Tyr 0.21 0.019 11 6.9
Asn 6.1 33 1.8 1.7
Gln 50 7.3 6.8 5.6
Trp L-Asn 6.1 33 1.8 1.7
His L-Arg 0.022 0.046 0.47 -2.2
Lys L-His 0.91 1.6 0.56 —1.7

@ A = analyte amino acid. ® CID activation level was chosen as 10%,
approximately 250 mV AC dipolar excitation. ¢ A(ACu!'BDE) as
defined in eq 10. ¢ Cysteine is oxidized to cystine.



Conclusions

« Among methods available now for chiral analyses the most fast,
sensitive and informative Is a mass spectrometry

« Mass spectrometry permits to reveal the mechanism of chiral
discrimination/recognition

« Search for more effective chiral reference substances should be
continued

«\Water molecules attachment to chiral molecule complexes can promote,
Invert or suppress chiral discrimination.

*DFM ab initio calculation results are in complete agreement with
observations

«Corona API and thermo API are suitable for in situ direct MS chiral
recognition for relatively volatile substances



