REPORT DOCUMENTATION PAGE

Farm Approvedq
CM8 Nc. 0704.3188

TGO, LEMCTING PTMING 3482 WCult

LI oemze Lt
L Rl Lo S Tal- 4 5:?"5IP'I"‘; Lol Na XL 2 2Vt
2 JUTIR102 ana 1z tre Gttie a1 ftansgement ana Juaqet. J10erware Reauct:cn #o

-
3

TIIITIOIT Y MLMAeT S seeviye | MOl Def re0G e ACUAING IPe 1. =€ "If “Bviewing
g ime .JlecTion Of :Atarmaton  Sena cSmmenty retaraing thiy 2
33WSFTE TV ICT CRRUUAG 1M JWCER 1T HANAGIGN =eadauarten Services, Directarate (ar .nfarmat B

ject (37043321 Mawumgten SC (8461

BN SMUMIE T Ay NS 00t ot 1=y
Joeraem ang €00y, 1215 ertaricn

1. AGENCY USE ONLY Leave anx) 2. REPQRT DATE 3. REPQRT TYPE AMND DATES COVERED
June 22, 1995 Technical Raport
S. FUNDING MUMBERS

4 TITLE ANO SUBTITLE .
Fourier Transform Ion Cyclotron Resonance Mass Spectrometry

as a Probe of Chiral Recognition

8. AUTHCRI(S)

David V. Dearden, Chandin Dejsupa, and Yongjiang Liang

N0OQ14-91-7-1710
R & T Code 313p002

7. PEAFCRAMING ORGANIZATICN NAME(S) AND A
Departaent of Chemiscry
Brighaz Young University
Provo, UT 84602-4670

PEAFCAMING ORGANIZATION
REPCRT NUMBSER

Technical Report No. 39

Dr. E. Guard

QOfiice of Naval Research
800 Ncrth Quincy Screet
Ariingcom, VA 22217-3000

10. SPCNSQRING / MONITQRING

AGEZNCY REPORT NUMBER

N/A

11. SUPPLEMENTARY NOTES
Presented at the 435rd ASMS Conference on Mass Spectrometry and
Allied Topics, Atlanta, GA, May 21-26, 1995

12h. DISTRIBUTION CQOE

123. DISTRIBUTICN/ AVAILABIUTY STATEMENT

Approved for public release; distribution unlimited

13. ABSTRALT (Maximum 200 words)

See attached absract.

P

i

0060705 006

[N

NSEE

[RERFE

ey Ty
Sl O

14, SUBJECT TEAMS

1S. NUMBER CF PAGES

16. PRICE COOE
N/A
17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION | 20. UMITATION OF ABSTRACT
CF REPQRT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified o
itancard Form A;SB..(.R'e.v 2-39)

NSN 7323-01-280-5500



OFFICE OF NAVAL RESEARCH

Grant N00014-91-J-1710

R&T Code 313p002

TECHNICAL REPORT NO. 39

Fourier Transform Ion Cyclotron Resonance Mass Spectrometry
as a Probe of Chiral Recognition

by

David V. Dearden, Chandin Dejsupa, and Yongjiang Liang

Presented at the 43rd ASMS Conference on Mass Spectrometry and
Allied Topics, Atlanta, GA, May 21-26, 1995

Accesion For
. NTIS CRa&
Department of Chemisty DTIC TAB O
Brigham Young University Unannounced O
Provo, UT 84602-4670 Justification
June 22, 1995 BY.
Distribution [
Reproduction in whole or in part is permitted for Availability Codes
any purpose of the United States Government Avail and|or
Dist Special
This document has been approved for public release
and sale; its distribution is unlimited IQ -




Fourier Transform Ion Cyclotron Resonance Mass Spectrometry as a Probe
of Chiral Recognition*

David V. Dearden, Chadin Dejsupa, and Yongjiang Liang

Department of Chemistry and Biochemistry
C100 Benson Science Building
Brigham Young University
Provo, UT 84602

Phone: (801)378-2355
Fax: (801)378-5474
Internet: david_dearden@byu.edu

*Presented at the 43rd ASMS Conference on Mass Spectrometry and Allied
Topics, Atlanta, GA, May 21-26, 1995.




Abstract

We have employed Fourier transform ion cyclotron resonance (FTICR) mass spectrometry
to investigate the recognition of chiral amines by chiral crown ether hosts. Our prior
studies involved competition between a chiral ligand and an achiral ligand for the
enantiomers of a chiral ammonium ion. Conditions were chosen so equilibrium was
attained in the exchange of each enantiomeric host between the two guests. Comparison of
the equilibrium constants for the two enantiomers yields a measurement of the relative
degree of recognition of the chiral host for the two guests. These studies were hampered
by the relatively low volatility of the ligands, which led to difficulties in introducing them
into the vacuum chamber and in measuring their partial pressures. To circumvent these
problems, we have developed a new procedure wherein the relatively involatile chiral
ligand is easily ionized using electrospray ionization to produce a protonated host molecule.
The protonated host is captured in the FTICR trapping cell. Neutral amines, which are
generally fairly volatile, are also readily introduced into the cell, where they react with the
protonated host to form crown-ammonium complexes. Measurement of the partial
pressures of the two amines is straightforward. Equilibrium constants are determined for
exchange of a chiral amine with an achiral amine in the complex. Comparison of the
equilibrium constants for the two enantiomeric amines measures the relative degree of
recognition by the host. Results are obtained for the recognition by protonated (R,R)- and
(S,8)dimethyldiketopyridino-18-crown-6 of R- and S- c.(1-naphthyl)ethylamine, and are in
agreement with results obtained using the older ligand transfer method. Comparison of the
recognition of chiral sec-butylamine, cyclohexylethylamine, and phenylethylamine reveals
the importance of the n-r stacking interaction in this system: the enantiomers of the first
two guests, which have no x systems, are not recognized, while chiral recognition of
phenylethylamine, which is too small to stack efficiently, is much less thar for the larger
naphthylethylamine.




Fourier Transform Ion Cyclotron Resonance Mass Spectrometry as a Probe of
Chiral Recognition

David V. Dearden, Chadin Dejsupa, and Yongjiang Liang
Brigham Young University

Introduction

One of the most important insights provided by modern chemical science is the realization
that molecular shape and size play crucial roles in determining reactivity. The selective reactivity or
“recognition” a molecule exhibits for species of a specific shape or size is particularly important in
the chemistry of life and in catalysis. In the influential 1985 “Pimentel Report,”! which outlines
frontier areas and priorities for chemical research, the chemistry of molecular recognition is
featured prominently. Receptor-substrate interactibns, which “selectively mediate essentially all
biological processes,” are controlled by the chemistry of recognition. In setting priorities for study
of the chemistry of life, with particular reference to receptor-substrate interactions, the report notes
that ... we must be able to identify the structures of these substrates, ...analyze their receptor-
interactions in physical-chemical as well as biological terms, and modify their structures to suit
desired uses.”!

Likewise, recognition effects are vital to the function and design of highly specific, energy-
efficient catalysts. Catalysts which yield products with well-defined stereochemistry are
particularly valuable, especially in the synthesis of natural products and biologically active
materials such as pharmaceuticals, where correct stereochemistry is often essential for proper
function. Fundamental work is still vitally needed. In the words of the Pimentel Report, “...the
basic factors that produce stereochemical control [in catalysis] are not completely understood.
Mechanistic studies are needed, and the potential rewards are great.’! :

Undoubtedly, recognition also plays a role in the biochemical processes which enable truly
“smart” materials such as brain tissue to function. While the concepts of molecular-size switches
and molecular-scale circuit elements are still in their infancy, a clear'understanding of the chemistry
of recognition is certainly a crucial part of the basis for intelligent design of such components.

One of the most challenging areas of this emerging field involves recognition of molecules
which possess the property of chirality, or “handedness.” When a molecule is chiral, it is
structurally distinct from its mirror image, which otherwise possesses the same functional groups.
Only the order of arrangement around the stereocenter(s) differs in such a mirror pair. The
members of the pair are called enantiomers. Chirality is especially common in biomolecules, since
biochemistry in general produces only one of the possible enantiomers. The characterization of
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chiral species presents formidable analytical problems, because the enantiomers have identical
elemental compositions and atom connectivities--only the arrangement around the stereocenter(s)
differs.

Chiral Recognition in Mass Spectrometry

Despite its great power as an analytical technique, one of the severest limitations of mass
spectrometry lies in its inability to easily yield information on molecular stereochemistry.
Likewise, spectroscopic methods capable of providing stereochemical information for gaseous ions
are both rare and extremely difficult. Mass spectrometry is an attractive method for these studies
because of its high speed and very small sample requirements. Successful mass spectrometric
methods, like other analytical techniques for chiral species, rely on differences in the reactivity of
the enantiomers with a chiral reagent. For exmhple, chemical ionization using a chiral reagent ion
may yield different results for enantiomeric analytes.?

Two experimental approaches typify work in this field. Recently, fast atom bombardment
(FAB) mass spectrometry has been used to examine the relative intensities of adduct peaks arising
from interactions of chiral species.>¢ However, with FAB it is difficult to determine whether the
adducts formed in solution prior to desorption, in the selvedge region as they are desorbed, or in
the gas phase, and the relative peak intensities likely do not reflect equilibrium conditions. Fourier
transform ion cyclotron resonance mass spectrometry was used several years ago to measure
equilibrium populations of clusters of chiral molecules such as L- and D-dimethy! tartrate.”3 The
equilibrium approach has the advantage that equilibrium constants are easily related to free energy
changes, so the degree of chiral recognition can be quantified. Our own studies of chiral
recognition in gas-phase ion-molecule reactions use similar equilibriurm techniques

Ligand Exchange Equilibrium Measurements

For several years, our group has investigated crown ethers and their molecular recognition
abilities in the gas phase, beginning with simple interactions between crowns and alkali metal
ions.>12 Chiral crown ethers have been synthesized, and have been demonstrated to
enantioselectively form complexes with chiral ammonium cations in-solution (via temperature-
dependent NMR measurements) and in the solid state (by X-ray crystallographic
measurements).3-15 We chose to investigate the same system in the gas phase, with the objectives
of demonstrating and quantifying chiral recognition in a gas phase ion-molecule reaction, and of
clarifying the role of solvent in the recognition process by obtaining solvent-free results.

The host-guest system we initially investigated is shown in Figure 1. The host molecule,
dimethyldiketopyridino-18-crown-6 (hereafter designated “1,” for brevity), has two stereocenters,
one at each of the carbon atoms where the methyl group is attached to the crown rings. Each of the
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stereocenters can have either R or S absolute conﬁguration (the designations specify the geometry
at the stereocenter). For the molecule to be chiral, the configurations must be the same at both
stereocenters. Both the R,R and §,S enantiomers were available to us through a collaboration with
Professor Jerald Bradshaw of Brigham Young University.

From the solution studies of 1, one of the best-recognized chiral guest species is at-(1-
naphthyl)ethylammonium ion (hereafter referred to as NapEtNH3+).14 X-ray structures for the
complexes suggest two kinds of interaction are important in complex formation: hydrogen
bonding between the ammonium group of the guest and the nitrogen and two oxygens of the
crown, and -r stacking between the pyridino moiety of the crown and the naphthyl group of the
guest. Molecular mechanics models of the complexes indicate the same two types of interactions
are dominant in the gas phase. In condensed media, the R ammonium ion is preferentially bound
by §,5-1. Both enantiomers of the amine are commercially available, so we set out to determine
how their binding to §,5-1 differs in the gas phase.

In our initial experiments,!® the chiral host, S,S-1, and the achiral host, 18-crown-6, were
both admitted into the trapping region of a Fourier transform ion cyclotron resonance mass
spectrometer. The partial pressures of these two neutral ligands were carefully measured. Either
R- or S-NapEtNH; was also admitted into the trapping region, and NapEtNH3* was formed by
self-chemical jonization. Reaction of NapEtNH3+ with the neutral ligands afforded the host-guest
complexes. The exchange of the guest between the chiral and achiral hosts, reaction (1), was
allowed to proceed to equilibrium. The attainment of equilibrium was verified by monitoring ion
intensities as a function of reaction time until the ratio of the 18-crown-6eNapEtNH3+* and S,S-
1+NapEtNH3* jon intensities became constant. Perturbation of the system away from equilibrium
by ejection of either of the complexes always resulted in re-establishment of the same equilibrium
ratios after an appropriate delay, attesting to the fact that true equilibrium was reached.

S,5-1%(R or S)-NapEtNH;* + 18C6

$,5-1 + 18C6(R or S)-NapEtNH;* 1)

These experiments found that the equilibrium constant for exchange of R-NapEtNH3* was
only about one quarter that for exchange of S-NapEtNH3+, corresponding to about 4 kJ mol-!
greater free energy of interaction between R-NapEtNH3* and S,S-1 than between the S-guest and
the same ligand. Thus, §,5-1 preferentially binds R-NapEtNH3+ in the gas phase, just as it does
in solution.™ The degree of recognition in the gas phase is about the same as is observed in a
weakly-solvating solvent such as dichloromethane, and is about twice as great as is seen in
methanol, a better solvent.4

These were difficult experiments. First, §,5-1 is fairly involatile, so that usable vapor
pressures were barely attainable when the ligand was inserted into the high vacuum region of the
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instrument on a direct-exposure solids probe. Second, achiral 18-crown-6 binds NapEtNH3*
much more strongly than the chiral ligand, making equilibrium difficult to observe unless there is a
large excess pressure of the less volatile, chiral S,S-1. Third, the lack of an external ion source on
the instrument we used originally made some of the chemistry ambiguous. Could we have simply
been transferring protons between neutral complexes? Fourth, most of the chiral ligand was
wasted as it was slowly pumped away by the vacuum system. Finally, measurement of the partial
pressures of the ligands, which is crucial to the results, is difficult and introduces a great deal of
uncertainty into the results.

An Improved Method: Amine Exchange Equilibrium Measurements

We set out to circumvent these problems by designing new experiments around the
capabilities of our APEX 47e Fourier transform ion cyclotron resonance mass spectrometer
(Bruker Instruments, Billerica, MA), which is equipped with electrospray ionization. Since this
instrument has an external ion source, the ionization and complex formation aspects of the
experiment can be separated such that formation of neutral complexes is not possible. Even more
importantly, electrospray ionization offers a means of generating protonated host molecules which
avoids the problems inherent in the low volatility of the chiral ligands, and enables us to eliminated
neutral pressures as variables in these experiments. Further, with electrospray ionization only a
few tenths of a milligram of the expensive chiral ligands are required for a whole range of
experiments. In fact, sample consumption in our experiments is limited by the minimum mass we
can accurately weigh, rather than by the amount actually needed for electrospray detection.

In our new experiments, rather than observing equilibria for exchanging an ammonium
guest among neutral hosts, we observe the exchange of neutral amines by a protonated host ion,
reaction (2). One enantiomer of the chiral amine, as well as an achiral reference amine, are
introduced into the trapping cell as neutrals. One of the host enantiomers is electrosprayed in the
external source, and the resulting protonated host ions are guided into the trapping cell and
captured. Reaction of the protonated host with the neutral amines results in formation of
complexes. Exchange of the chiral and achiral amines on the protonated chiral host is allowed to
proceed to equilibrium, which is verified as before by attainment of a constant product ratio and by
re-establishment of the same equilibrium ratio after the system is perturbed by ejection of either the -
reactant complex or the product complex. The experiments are then repeated with the other
enantiomer of the host or the guest.

(S, )- 1H"R-NapEtNH, + cyclohexylamine <——==(§.§ )- 1H**cyclohexylamine + R-NapEtNH,
2)
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When both host enantiomers are available (as is the case for host 1), switching between the
two enantiomers can be done rapidly enough (by simply flushing the solution of one enantiomer
out of the electrospray needle, and replacing it with a solution of the other enantiomer) that
pressure conditions in the trapping region do not change appreciably between the two
measurements. Since the results for the degree of chiral recognition depend on a ratio of the two
equilibrium constants for the two enantiomers, if the partial pressures of the amines do not change
the pressures cancel in the ratio and pressure is no longer a variable in the measurement. This is a
very significant advantage, since the pressure measurements are the largest potential sources of
error in the experiments.

The approach of the system to equilibrium is illustrated in Figures 2 and 3. The figures
show ion intensities from a series of mass spectra obtained with progressively increasing reaction
times. In these experiments, the achiral reference amine was cyclohexylamine, the chiral amine
was R-NapEtNH, and the chiral ligand was R,R-1H*. Ejection of either the complex of R,R-
1H* with the chiral amine (at m/z 525) or with the achiral amine (at m/z 453) was followed by re-
establishment of the equilibrium ratio of about 1 for these two peaks. Spectra obtained at
equilibrium for complexation of both §,5-1 and R,R-1 with R-NapEtNH, and cyclohexylamine
reference are shown in Figure 4. The R-NapEtNH,+S,S-1H* complex peak is much more intense
relative to the reference than the R-NapEtNH,R,R-1H* complex peak. This corroborates our
earlier results, obtained with the more difficult experimental method, that indicated stronger
complexation between R-NapEtNH3* and §,S-1.

Quantitatively, the difference in equilibrium constants corresponds to the free energy of
binding in the R-NapEtNH»¢S,S-1 complex being 3.1 £ 0.4 kJ mol-! greater than in S-
NapEtNH2°S,5-1. The results obtained using amine exchange equilibrium are in good agreement
with those obtained earlier using ligand exchange, especially when it is noted that the two
experiments were done at different temperatures.

The simplicity of the new experiments, along with the ease of electrospraying large,
enantiomeric crowns, has now enabled us to examine a number of other chiral guests for
recognition by 1. The results, shown in Table 1, reveal some of the structural requirements for
recognition in this system. Both enantiomers of sec-butylamine and cyclohexylethylamine reacted
identically with respect to the achiral reference; the chirality of both these guests was not
recognized. Recognition was observed for phenylethylamine, but the difference in free energy of
binding for the two enantiomers was only about 0.7 kJ mol-1. This suggests that the - stacking
interaction is essential for recognition in this system. No recognition is seen in guests lacking the
T system, and recognition is much weaker for phenylethylamine than for naphthylethylamine,
because the former is too small to simultaneously allow optimal hydrogen bonding and & system

overlap.
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The potential of these electrospray ionization, Fourier transform ion cyclotron resonance
mass spectrometry methods for the study of chiral recognition is exciting. With sub-milligram
samples and a few hours’ work, the degree of recognition in chiral host-guest systems can be
quantified under solvent-free conditions.
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Table 1. Difference in Free Energy of Binding Chiral R-amines by §,S-1 vs.
R,R-1 at 300 K.

amine AAG®, kJ mol-1
sec-butyl 0
cyclohexylethyl 0
bhenyler.hyl 0.7+04
naphthylethyl 31+ 04
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Figure Captions

Figure 1. A chiral host-guest system. Structures of the host and guest are drawn on the left, and
side and top views of a space-filling model of the complex are shown on the right. The guest

molecule is outlined in black. Note that the ammonium group of the guest inserts into the central

cavity of the host, and that the = system of the guest stacks over the pyridino & system of the host.

Figure 2. Approach to equilibrium in an amine exchange reaction, as documented using Xmass.

In this experiment, ejection of the R-NapEtNHp*R,R-1H* complex defined the time origin.

Figure 3. Approach to equilibrium in both the “forward” and “reverse” directions. In the left
frame, the cyclohexylaminesR,R-1H+ complex was initially isolated, while in the right frame the
R-NapEtNHj*R,R-1H* complex was isolated to define the time origin. In both cases the same

equlibrium product / reactant ratio is reached.

Figure 4. Mass spectra at equilibrium for amine exchanges using S,5-1 and R,R-1 hosts. The
free energy of binding R-NapEtNH, by §,5-1H* is 3.1 + 0.4 kJ mol-! greater than that by R,R-
1H*.




+°HN13den,,
wnjuowwejAyle(jAyydeu-)-o
}son

» +ZGI

n —-:
9-UMO0.19-g

-oulpliAdolaxipjAylowip-s‘s
ISOH

[

tH ¥ N0 07+ oty _




/U 0LG 0TS 06t Q2P . 0Gp
| 1 ] ! | I l S - [ ! | ] | 1 _ 1 | - | 1 _ L 4_ I
0 | i
5 _ ‘ )
Ol - ) -
05 it |
99s ‘Aejag uopoeay VS T PRE 3OS QT=EI ML= rrren b
Am,om.mwzm.mh. OaM OFE 1t

HI-HHCHNITdeN-Y +H1-4 deaujwelAxayo|oho
HEH HeCHNIZdEN-Y + auiwejAXeyojohy ——= SHN1gdeN-4 + JHI-H 'HeauiwejAxayooho

wnuqijinbg abueyoxy suiwy




oos ‘Aeja(] uoioesy
09 0S Oy 0E 02 Ol

.......................

01

3. 2. 9

Olel £GP/GeG

Lo
—

A

G

aa
o

<o)

HE-H HeCHNIZdeN-H + sujwe|Axayojoho

ollel £91/G2S v

0 09 05 OF 0€ 0C OI O
OO Qoo 00 5
lH . _.| <+ 444 O
<<lmwo VY Yvyvyvyywww? @wN.ow
mf > o | M
®' [P0 H m L0
] mE EE RN e s | S~
v € M ® | M
g | |4 m | .Alw..
® [ 4 ] i =
*[80 o nf80D
H ] <
+HL-H'Y°HNI1TdeN-4| gz'ges e
+HL-4 ‘Ydeduiwe|AxayojoAa| L2'ESy =

winiqgijinbg Jsjsuel] suiwy o}
sayoeouaddy ,asi9nay, pue ,piemio,

=== C°HNIFdeNY + HI-4 Yesujwe|Axayo[ofo



(19jsueay puebi| ‘;Jow rY $°0 F 2'F = %€HVV)
9jsuel) sulwe ‘) _jow M) {0 F L°g = oomwg

Z/uW 02% 006G 08¢ 09
| 1 ] 1 | 1 | 1 l 1 i | ! | 1 | ] ] )
ey vy _.!fcis!.ﬁ!. T N TR TNy ey W T YAeTY -%ﬁ%
,4 jediyoe
POFEL= ——
-4 Hed

+HI-H ‘HHN1ZdeN-Y

+H -4 ‘YeauiluejAxayo|oho

j“; S ke P U Ty

o e, EAINOE
V0¥ 0y = s
.yvm“m.w_._zm%z-m

NP AT 404 Ml /

+HL-S‘seduiwfejAxayojoho

will

POYl1aN wniiqijinbg Jajsueu] auiwy
9y} Aq uoniubooay jel1y)




