CHIRALITY AND NMR

UNDERSTANDING CHIRALITY AND NMR: A CoMPREHENSIVE GUIDE

CHIRALITY AND NMR ARE TWO FUNDAMENTAL CONCEPTS IN CHEMISTRY THAT, WHEN COMBINED, UNLOCK POWERFUL ANALYTICAL
CAPABILITIES. CHIRALITY, THE PROPERTY OF NON-SUPERIMPOSABILITY ON ITS MIRROR IMAGE, IS CRUCIAL IN UNDERSTANDING THE
BIOLOGICAL ACTIVITY OF MOLECULES, WHILE NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY PROVIDES UNPARALLELED
INSIGHT INTO MOLECULAR STRUCTURE AND DYNAMICS. THIS ARTICLE DELVES INTO THE INTRICATE RELATIONSHIP BETWEEN THESE
TWO DOMAINS, EXPLORING HOW NMR TECHNIQUES ARE INDISPENSABLE FOR IDENTIFYING, CHARACTERIZING, AND DIFFERENTIATING
CHIRAL MOLECULES. WE WILL EXAMINE THE PRINCIPLES BEHIND NMR SPECTROSCOPY, THE CHALLENGES PRESENTED BY CHIRAL
COMPOUNDS, AND THE SOPHISTICATED METHODS DEVELOPED TO OVERCOME THESE CHALLENGES, INCLUDING THE USE OF CHIRAL
AUXILIARIES AND CHIRAL SOLVATING AGENTS. FURTHERMORE, WE WILL DISCUSS THE APPLICATION OF NMR IN DETERMINING
ENANTIOMERIC EXCESS AND DIASTEREOMERIC RATIOS, HIGHLIGHTING ITS SIGNIFICANCE IN PHARMACEUTICAL RESEARCH, ORGANIC
SYNTHESIS, AND MATERIALS SCIENCE.
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INTRODUCTION TO CHIRALITY

CHIRALITYI DERIVED FROM THE GREEK WORD FOR ”HAND,” DESCRIBES A PROPERTY OF MOLECULES THAT, LIKE OUR LEFT AND
RIGHT HANDS, ARE MIRROR IMAGES OF EACH OTHER BUT CANNOT BE SUPERIMPOSED ONTO ONE ANOTHER. THESE NON-
SUPERIMPOSABLE MIRROR IMAGES ARE KNOWN AS ENANTIOMERS. THE PRESENCE OF A CHIRAL CENTER, TYPICALLY A CARBON
ATOM BONDED TO FOUR DIFFERENT SUBSTITUENTS, IS A COMMON SOURCE OF CHIRALITY IN ORGANIC MOLECULES. HO\X/EVER,
CHIRALITY CAN ALSO ARISE FROM OTHER STRUCTURAL FEATURES, SUCH AS IN AXIAL OR PLANAR CHIRALITY.

THE SIGNIFICANCE OF CHIRALITY CANNOT BE OVERSTATED, PARTICULARLY IN BIOLOGICAL SYSTEMS. ENZYMES, RECEPTORS, AND
OTHER BIOMOLECULES ARE THEMSELVES CHIRAL, MEANING THEY OFTEN INTERACT DIFFERENTLY WITH EACH ENANTIOMER OF A
CHIRAL DRUG OR SUBSTRATE. THIS DIFFERENTIAL INTERACTION CAN LEAD TO VASTLY DIFFERENT PHARMACOLOGICAL EFFECTS,
WITH ONE ENANTIOMER BEING THERAPEUTICALLY BENEFICIAL WHILE THE OTHER MAY BE INACTIVE OR EVEN TOXIC. THE
THALIDOMIDE TRAGEDY SERVES AS A STARK REMINDER OF THE CRITICAL IMPORTANCE OF CONTROLLING AND UNDERSTANDING THE
STEREOCHEMISTRY OF PHARMACEUTICAL COMPOUNDS.

CONSEQUENTLY/ THE ABILITY TO SYNTHESIZE AND ANALYZE ENANTIOMERICALLY PURE COMPOUNDS IS PARAMOUNT IN MODERN
CHEMISTRY, ESPECIALLY IN THE PHARMACEUTICAL INDUSTRY, WHERE REGULATORY BODIES DEMAND STRICT CONTROL OVER THE
STEREOISOMERIC COMPOSITION OF DRUG SUBSTANCES. THIS NECESSITY DRIVES THE DEVELOPMENT OF SOPHISTICATED
ANALYTICAL TECHNIQUES CAPABLE OF DISTINGUISHING BETWEEN ENANTIOMERS AND QUANTIFYING THEIR PROPORTIONS.

PRrINCIPLES OF NUCLEAR MAGNETIC ResoNANCE (NMR) SPeCTROSCOPY

NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY IS A POWERFUL SPECTROSCOPIC TECHNIQUE USED TO DETERMINE THE
STRUCTURE OF MOLECULES. |T EXPLOITS THE MAGNETIC PROPERTIES OF CERTAIN ATOMIC NUCLEI. NUCLEI WITH A NON-ZERO SPIN



ANGULAR MOMENTUM POSSESS A MAGNETIC DIPOLE MOMENT, WHICH CAUSES THEM TO BEHAVE LIKE TINY BAR MAGNETS. \X/HEN
PLACED IN AN EXTERNAL MAGNETIC FIELD, THESE NUCLEAR SPINS CAN ALIGN EITHER WITH OR AGAINST THE FIELD, CREATING TWO
DISTINCT ENERGY STATES.

THE NMR EXPERIMENT INVOLVES PLACING A SAMPLE IN A STRONG MAGNETIC FIELD AND IRRADIATING IT WITH RADIOFREQUENCY
PULSES. |F THE FREQUENCY OF THE APPLIED RADIATION MATCHES THE ENERGY DIFFERENCE BETWEEN THE SPIN STATES, THE NUCLEI
ABSORB ENERGY AND TRANSITION TO A HIGHER ENERGY STATE. AS THESE EXCITED NUCLEI RELAX BACK TO THEIR LOWER ENERGY
STATE, THEY EMIT ENERGY AT A CHARACTERISTIC FREQUENCY , WHICH IS DETECTED AND RECORDED AS AN NMR sPECTRUM. THE
POSITION OF A SIGNAL IN THE SPECTRUM, KNOWN AS THE CHEMICAL SHIFT, IS INFLUENCED BY THE ELECTRONIC ENVIRONMENT OF
THE NUCLEUS, PROVIDING INFORMATION ABOUT THE ATOM'S NEIGHBORING ATOMS AND FUNCTIONAL GROUPS.

OTHER CRUCIAL PARAMETERS OBTAINED FROM NMR SPECTRA INCLUDE SPIN-SPIN COUPLING (SPLITTING OF SIGNALS), WHICH
REVEALS CONNECTIVITY BETWEEN NUCLEI, AND SIGNAL INTEGRATION, WHICH INDICATES THE RELATIVE NUMBER OF NUCLEI
CONTRIBUTING TO A PARTICULAR SIGNAL. THESE PARAMETERS COLLECTIVELY ALLOW CHEMISTS TO ELUCIDATE THE COMPLETE
STRUCTURE OF A MOLECULE, INCLUDING ITS CONNECTIVITY AND, TO SOME EXTENT, ITS STEREOCHEMISTRY.

Key CoMPONENTS OF AN NMR SPECTRUM

o CHEMICAL SHIFT: THE POSITION OF A SIGNAL ON THE NMR SPECTRUM, MEASURED IN PARTS PER MILLION (PPM), WHICH IS
HIGHLY SENSITIVE TO THE ELECTRONIC ENVIRONMENT AROUND THE NUCLEUS.

¢ SpPIN-SPIN COUPLING: THE SPLITTING OF SIGNALS INTO MULTIPLETS DUE TO THE INTERACTION OF MAGNETIC MOMENTS OF
NEIGHBORING NUCLEI, PROVIDING INFORMATION ABOUT THE NUMBER OF ADJACENT NUCLEI.

® |NTEGRATION: THE AREA UNDER A SIGNAL, WHICH IS PROPORTIONAL TO THE NUMBER OF NUCLEI CONTRIBUTING TO THAT
SIGNAL, ALLOWING FOR THE DETERMINATION OF THE RELATIVE ABUNDANCE OF DIFFERENT TYPES OF PROTONS OR OTHER
NUCLEI.

® RELAXATION TIMES: PARAMETERS RELATED TO HOW QUICKLY EXCITED NUCLEI RETURN TO THEIR EQUILIBRIUM STATE,
WHICH CAN PROVIDE INSIGHTS INTO MOLECULAR MOTION AND DYNAMICS.

THe CHALLENGE oF NMR SpecTRoSscoPY FOR CHIRAL MOLECULES

THE INHERENT CHALLENGE IN APPLYING STANDARD NMR SPECTROSCOPY TO CHIRAL MOLECULES LIES IN THE FACT THAT
ENANTIOMERS POSSESS IDENTICAL PHYSICAL AND CHEMICAL PROPERTIES IN ACHIRAL ENVIRONMENTS. THIS MEANS THAT IN A
TYPICAL NMR EXPERIMENT CONDUCTED IN AN ACHIRAL SOLVENT AND WITHOUT ANY CHIRAL ADDITIVES, THE NMR SPECTRA OF A
PAIR OF ENANTIOMERS ARE INDISTINGUISHABLE. THE MAGNETIC FIELDS GENERATED BY THE ELECTRONS SURROUNDING THE NUCLEI
ARE IDENTICAL FOR BOTH ENANTIOMERS, LEADING TO IDENTICAL CHEMICAL SHIFTS AND COUPLING CONSTANTS. THEREFORE,
CONVENTIONAL NMR CANNOT DIFFERENTIATE BETWEEN THEM.

THIS PRESENTS A SIGNIFICANT HURDLE FOR CHEMISTS AND PHARMACOLOGISTS WHO NEED TO DETERMINE THE ENANTIOMERIC
PURITY OF A SAMPLE. IF A SYNTHESIS IS INTENDED TO PRODUCE A SINGLE ENANTIOMER, BUT INSTEAD YIELDS A RACEMIC MIXTURE
(AN EQUIMOLAR MIXTURE OF BOTH ENANTIOMERS), STANDARD NMR WILL NOT REVEAL THIS IMPURITY OR PROVIDE A
QUANTITATIVE MEASURE OF THE ENANTIOMERIC EXCESS (EE).

OVERCOMING THIS LIMITATION REQUIRES INTRODUCING A CHIRAL ELEMENT INTO THE NMR EXPERIMENT. THIS CHIRAL ELEMENT
MUST INTERACT DIFFERENTLY WITH EACH ENANTIOMER, THEREBY CREATING A DISTINGUISHABLE DIFFERENCE IN THEIR NMR
SPECTRA. THE GOAL IS TO BREAK THE SYMMETRY AND CAUSE THE SIGNALS FROM THE TWO ENANTIOMERS TO APPEAR AT
SLIGHTLY DIFFERENT CHEMICAL SHIFTS OR EXHIBIT DIFFERENT COUPLING PATTERNS.



NMR MeTHoDS FOR CHIRAL DISCRIMINATION

TO ADDRESS THE CHALLENGE OF DIFFERENTIATING ENANTIOMERS USING NMR, SEVERAL STRATEGIES HAVE BEEN DEVELOPED THAT
INTRODUCE A CHIRAL INFLUENCE INTO THE SPECTROSCOPIC ENVIRONMENT. THESE METHODS EFFECTIVELY TRANSFORM THE
ENANTIOMERS INTO DIASTEREOMERS, WHICH, BY DEFINITION, HAVE DIFFERENT PHYSICAL AND CHEMICAL PROPERTIES AND THUS
WILL EXHIBIT DISTINCT NMR SIGNALS. THE MOST COMMON APPROACHES INVOLVE THE USE OF CHIRAL AUXILIARIES OR CHIRAL
SOLVATING AGENTS.

THE FUNDAMENTAL PRINCIPLE BEHIND ALL THESE METHODS IS THE FORMATION OF TRANSIENT OR SEMI-PERMANENT DIASTEREOMERIC
SPECIES WITH THE CHIRAL ANALYTE. THESE DIASTEREOMERIC SPECIES CAN BE EITHER COVALENT ADDUCTS OR DIASTEREOMERIC
COMPLEXES FORMED THROUGH NON-COVALENT INTERACTIONS LIKE HYDROGEN BONDING OR VAN DER W AALS FORCES. ONCE
DIASTEREOMERIC SPECIES ARE FORMED, THE FORMERLY EQUIVALENT NUCLEI IN THE ENANTIOMERS WILL NOW EXPERIENCE DIFFERENT
MAGNETIC ENVIRONMENTS DUE TO THE INFLUENCE OF THE INTRODUCED CHIRAL ENTITY, LEADING TO OBSERV ABLE DIFFERENCES IN
THEIR NMR SPECTRA.

THE SUCCESS OF THESE METHODS HINGES ON THE ABILITY OF THE CHIRAL AGENT TO INDUCE A SUFFICIENT CHEMICAL SHIFT NON-
EQUIVALENCE BETWEEN THE SIGNALS OF THE ENANTIOMERS. THE MAGNITUDE OF THIS INDUCED DIFFERENCE IS CRUCIAL FOR
ACCURATE QUANTIFICATION, ESPECIALLY FOR SAMPLES WITH HIGH ENANTIOMERIC PURITY.

THE PRINCIPLE OF DIASTEREOMERIZATION

THE CORE CONCEPT ENABLING CHIRAL DISCRIMINATION IN NMR IS THE TEMPORARY CONVERSION OF ENANTIOMERS INTO
DIASTEREOMERS. ENANTIOMERS ARE NON-SUPERIMPOSABLE MIRROR IMAGES, AND IN AN ACHIRAL ENVIRONMENT, THEIR
INTERACTIONS WITH ACHIRAL PROBES ARE IDENTICAL. HO\X/EVER/ WHEN A CHIRAL PROBE IS INTRODUCED, IT INTERACTS
DIFFERENTLY WITH EACH ENANTIOMER. THIS DIFFERENTIAL INTERACTION LEADS TO THE FORMATION OF DIASTEREOMERIC
COMPLEXES OR ADDUCTS. DIASTEREOMERS, UNLIKE ENANTIOMERS, ARE STEREOISOMERS THAT ARE NOT MIRROR IMAGES AND
POSSESS DISTINCT PHYSICAL AND CHEMICAL PROPERTIES, INCLUDING DIFFERENT NMR SPECTRAL CHARACTERISTICS. THIS
DIFFERENCE ALLOWS FOR THE OBSERVATION OF SEPARATE SIGNALS FOR EACH ENANTIOMER.

CHIRAL AUXILIARIES IN NMR

CHIRAL AUXILIARIES ARE ENANTIOMERICALLY PURE COMPOUNDS THAT ARE COVALENTLY ATTACHED TO THE CHIRAL ANALYTE,
TEMPORARILY FORMING A DIASTEREOMERIC MOLECULE. AFTER THE NMR ANALYSIS, THE CHIRAL AUXILIARY CAN OFTEN BE
CLEAVED OFF, REGENERATING THE ORIGINAL CHIRAL MOLECULE. THIS METHOD IS PARTICULARLY EFFECTIVE BECAUSE THE
COVALENT BOND ENSURES A STRONG AND PERSISTENT INTERACTION, LEADING TO SIGNIFICANT DIFFERENCES IN THE MAGNETIC
ENVIRONMENTS OF THE NUCLEI WITHIN THE TWO ENANTIOMERS.

W/HEN A CHIRAL AUXILIARY IS ATTACHED TO A RACEMIC MIXTURE, IT FORMS TWO DIASTEREOMERIC COMPOUNDS. FOR EXAMPLE
IF A CHIRAL ACID IS REACTED WITH A RACEMIC AMINE, IT WILL FORM TWO DIASTEREOMERIC SALTS. THESE DIASTEREOMERIC
SALTS WILL HAVE DIFFERENT CHEMICAL SHIFTS FOR VARIOUS NUCLEI IN BOTH THE AMINE AND THE ACID PORTIONS. THE EXTENT
OF THIS CHEMICAL SHIFT DIFFERENCE (AA) IS OFTEN DEPENDENT ON THE SPECIFIC CHIRAL AUXILIARY USED AND THE STRUCTURE
OF THE ANALYTE.
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THE ADVANTAGE OF USING CHIRAL AUXILIARIES IS THE POTENTIAL FOR LARGE INDUCED CHEMICAL SHIFT DIFFERENCES, WHICH CAN
FACILITATE THE ACCURATE DETERMINATION OF ENANTIOMERIC COMPOSITION EVEN FOR VERY HIGH EE VALUES. HO\X/EVER, THIS
METHOD REQUIRES AN ADDITIONAL SYNTHETIC STEP TO ATTACH AND POTENTIALLY CLEAVE THE AUXILIARY, WHICH ADDS
COMPLEXITY TO THE ANALYSIS.



ExAMPLES OF CHIRAL AUXILIARIES

e CHIRAL ALCOHOLS OR AMINES USED TO FORM ESTERS OR AMIDES WITH CHIRAL CARBOXYLIC ACIDS OR AMINES,
RESPECTIVELY.

o CHIRAL ISOCYANATES OR ISOTHIOCYANATES REACTING WITH CHIRAL ALCOHOLS OR AMINES TO FORM CARBAMATES OR
THIOCARBAMATES.

o CHIRAL BORANE REAGENTS FOR ASYMMETRIC REDUCTIONS.

CHIRAL SoLVATING AGENTS (CSAS) INNMR

CHIRAL SOLVATING AGENTS (CSAS) OFFER AN ALTERNATIVE TO COVALENT ATTACHMENT. THESE ARE ENANTIOMERICALLY PURE
COMPOUNDS THAT FORM TRANSIENT, NON-COVALENT COMPLEXES WITH THE CHIRAL ANALYTE. THE INTERACTIONS CAN INCLUDE
HYDROGEN BONDING, DIPOLE-DIPOLE INTERACTIONS, AND VAN DER W/ AALS FORCES. IN THE PRESENCE OF A CSA IN THE NMR
SOLVENT, A RACEMIC MIXTURE OF AN ANALYTE WILL EXIST IN EQUILIBRIUM WITH CSA, FORMING DIASTEREOMERIC SOLVATED
COMPLEXES.

THESE DIASTEREOMERIC COMPLEXES WILL EXHIBIT DIFFERENT NMR SPECTRA. THE CHEMICAL SHIFTS OF THE ANALYTE'S NUCLEI
WILL BE DIFFERENTIALLY AFFECTED BY THE CHIRAL ENVIRONMENT PROVIDED BY THE CSA. THE EQUILIBRIUM BETWEEN THE
ANALYTE AND THE CSA, AND BETWEEN THE ENANTIOMERS AND THE CSA, ALLOWS FOR THE OBSERVATION OF SEPARATE,
ALBEIT OFTEN BROADER, SIGNALS FOR EACH ENANTIOMER. THE MAGNITUDE OF THE CHEMICAL SHIFT DIFFERENCE INDUCED BY THE
CSA IS CRUCIAL FOR ACCURATE QUANTIFICATION.

CSAS ARE OFTEN PREFERRED BECAUSE THEY DO NOT REQUIRE COVALENT BOND FORMATION OR CLEAVAGE, SIMPLIFYING THE
EXPERIMENT AL PROCEDURE. CoMMON CSAS INCLUDE CHIRAL ALCOHOLS, AMINES, AMIDES, AND CROWN ETHERS. THE CHOICE OF
CSA IS CRITICAL AND DEPENDS ON THE FUNCTIONAL GROUPS PRESENT IN THE ANALYTE AND THE NATURE OF THE INTERACTIONS
THAT CAN BE ESTABLISHED. FINDING AN EFFECTIVE CSA THAT PROVIDES ADEQUATE SEPARATION OF SIGNALS FOR A SPECIFIC
ANALYTE CAN REQUIRE SCREENING SEVERAL DIFFERENT AGENTS.

FAcTors AFFECTING CSA EFFICIENCY

® STRENGTH OF INTERACTION: STRONGER NON-COVALENT INTERACTIONS (E.G., HYDROGEN BONDING) GENERALLY LEAD TO
LARGER CHEMICAL SHIFT DIFFERENCES.

o CHIRAL RECOGNITION: THE CSA MUST EFFECTIVELY DIFFERENTIATE BETWEEN THE TWO ENANTIOMERS BASED ON THEIR
SHAPE AND ELECTRONIC PROPERTIES.

o CONCENTRATION: THE CONCENTRATION OF BOTH THE ANALYTE AND THE CSA CAN INFLUENCE THE EXTENT OF COMPLEX
FORMATION AND SIGNAL SEPARATION.

® TEMPERATURE: TEMPERATURE CAN AFFECT THE EQUILIBRIUM OF COMPLEX FORMATION AND THUS THE OBSERVED CHEMICAL
SHIFTS.



DETERMINING ENANTIOMERIC ExCESS (EE) AND DIASTEREOMERIC RATIO (DR)
wITH NMR

ONCE A METHOD FOR CHIRAL DISCRIMINATION IN NMR |5 ESTABLISHED, EITHER THROUGH THE USE OF CHIRAL AUXILIARIES OR
CHIRAL SOLVATING AGENTS, THE DETERMINATION OF ENANTIOMERIC EXCESS (EE) AND DIASTEREOMERIC RATIO (DR) BECOMES A
STRAIGHTFORWARD, YET POWERFUL, ANALYTICAL TASK. ENANTIOMERIC EXCESS REFERS TO THE PERCENTAGE OF THE MORE
ABUNDANT ENANTIOMER OVER THE RACEMIC MIXTURE, WHILE DIASTEREOMERIC RATIO QUANTIFIES THE RELATIVE PROPORTIONS OF
DIFFERENT DIASTEREOMERS.

IN A SUCCESSFUL CHIRAL NMR EXPERIMENT, THE SIGNALS CORRESPONDING TO EACH ENANTIOMER OF THE ANALYTE WILL BE
RESOLVED INTO DISTINCT PEAKS. THE AREA UNDER EACH PEAK IS DIRECTLY PROPORTIONAL TO THE CONCENTRATION OF THAT
SPECIFIC ENANTIOMER. BY INTEGRATING THE SIGNALS FOR EACH ENANTIOMER, THEIR RELATIVE AMOUNTS CAN BE ACCURATELY
DETERMINED. FOR ENANTIOMERIC EXCESS, IF THE SIGNALS FOR ENANTIOMER A AND ENANTIOMER B ARE OBSERVED, THE EE CAN BE
CALCULATED USING THE FORMULA: EE (%) = (JARea_A - Area_B|) / (Area_A + Area_B) 100.

SIMILARLY, IF A CHIRAL AUXILIARY OR CSA LEADS TO THE FORMATION OF MULTIPLE DIASTEREOMERS (E.G.l FROM A MIXTURE OF
ENANTIOMERS REACTING WITH A SINGLE ENANTIOMER OF AN AUXILIARY)I THE INTEGRATION OF THE SIGNALS FOR EACH
DIASTEREOMER WILL YIELD THE DIASTEREOMERIC RATIO. THIS QUANTITATIVE INFORMATION IS INVALUABLE FOR ASSESSING THE
STEREOSELECTIVITY OF A SYNTHETIC REACTION OR THE ENANTIOMERIC PURITY OF A STARTING MATERIAL OR FINAL PRODUCT.

THE ROLE OF INTEGRATION IN QUANTIFICATION

THE QUANTITATIVE POWER OF NMR IS A CORNERSTONE OF ITS UTILITY IN CHIRAL ANALYSIS. UNLIKE OTHER SPECTROSCOPIC
METHODS WHERE A CALIBRATION CURVE MIGHT BE REQUIRED, NMR INTEGRATION PROVIDES AN ABSOLUTE MEASURE OF THE
RELATIVE NUMBER OF NUCLEI CONTRIBUTING TO EACH SIGNAL. THIS DIRECT PROPORTIONALITY ALLOWS FOR PRECISE
CALCULATIONS OF ENANTIOMERIC EXCESS AND DIASTEREOMERIC RATIOS WITHOUT THE NEED FOR EXTERNAL STANDARDS,
PROVIDED THAT THE SIGNALS ARE WELL-RESOLVED AND THE EXPERIMENT IS CONDUCTED UNDER APPROPRIATE CONDITIONS TO
ENSURE LINEAR RESPONSE.

APPLICATIONS OF CHIRALITY AND NMR IN V ARIOUS FIELDS

THE COMBINED POWER OF CHIRALITY AND NMR SPECTROSCOPY FINDS WIDESPREAD APPLICATION ACROSS NUMEROUS SCIENTIFIC
DISCIPLINES, REVOLUTIONIZING HOW CHIRAL MOLECULES ARE UNDERSTOOD AND CONTROLLED. IN THE PHARMACEUTICAL
INDUSTRY, THIS SYNERGY IS PARAMOUNT FOR DRUG DISCOVERY AND DEVELOPMENT. THE EFFICACY AND SAFETY OF MANY DRUGS
ARE CRITICALLY DEPENDENT ON THEIR STEREOCHEMISTRY, MAKING THE ABILITY TO SYNTHESIZE AND ANALYZE ENANTIOMERICALLY
PURE COMPOUNDS ESSENTIAL. NMR IS ROUTINELY USED TO CONFIRM THE STEREOCHEMICAL INTEGRITY OF SYNTHESIZED DRUG
CANDIDATES AND TO QUANTIFY THE ENANTIOMERIC PURITY OF ACTIVE PHARMACEUTICAL INGREDIENTS (AP|S)

Bevonp PHARMACEUTICALS, ORGANIC SYNTHESIS HEAVILY RELIES ON CHIRAL NMR. CHEMISTS USE THESE TECHNIQUES TO
MONITOR THE STEREOCHEMICAL OUTCOME OF ASYMMETRIC REACTIONS, ASSESS THE EFFICIENCY OF CHIRAL CATALYSTS, AND
CHARACTERIZE NOVEL CHIRAL MOLECULES. IN MATERIALS SCIENCE, THE CHIRALITY OF POLYMERS OR LIQUID CRYSTALS CAN
INFLUENCE THEIR MACROSCOPIC PROPERTIES, AND NMR PROVIDES A TOOL TO PROBE AND CONTROL THESE STEREOCHEMICAL
ASPECTS.

THE FOOD AND FLAVOR INDUSTRIES ALSO BENEFIT, AS THE PERCEPTION OF TASTE AND SMELL CAN BE ENANTIOMER-DEPENDENT.
NMR CAN AID IN IDENTIFYING AND QUANTIFYING CHIRAL FLAVOR OR AROMA COMPOUNDS. FURTHERMORE, IN THE FIELD OF
ENVIRONMENTAL SCIENCE, UNDERSTANDING THE STEREOCHEMISTRY OF POLLUTANTS CAN BE IMPORTANT FOR ASSESSING THEIR
ENVIRONMENTAL FATE AND BIOLOGICAL IMPACT, WITH NMR OFFERING A MEANS FOR SUCH ANALYSIS.



Key APPLICATION AREAS

¢ PHARMACEUTICALS: DRUG DEVELOPMENT, QUALITY CONTROL, ENANTIOMERIC PURITY ASSESSMENT.

ORGANIC SYNTHESIS: REACTION MONITORING, CATALYST EVALUATION, STRUCTURAL ELUCIDATION OF CHIRAL
PRODUCTS.

MATERIALS SCIENCE: CHARACTERIZATION OF CHIRAL POLYMERS, LIQUID CRYSTALS, AND SUPRAMOLECULAR ASSEMBLIES.

® AGROCHEMICALS: STEREOSELECTIVE SYNTHESIS AND PURITY ANALYSIS OF PESTICIDES AND HERBICIDES.

Foob AND FLAVOR CHEMISTRY: IDENTIFICATION AND QUANTIFICATION OF CHIRAL AROMA AND FLAVOR COMPOUNDS.

ADVANCED NMR TECHNIQUES FOR CHIRAL ANALYSIS

W/HILE CHIRAL AUXILIARIES AND SOLVATING AGENTS ARE FUNDAMENTAL, ADVANCED NMR TECHNIQUES FURTHER ENHANCE THE
CAPABILITIES FOR CHIRAL ANALYSIS. THESE INCLUDE TWO-DIMENSIONAL (QD) NMR EXPERIMENTS, WHICH CAN PROVIDE MORE
COMPLEX SPECTRAL INFORMATION AND AID IN SIGNAL ASSIGNMENT, ESPECIALLY WHEN DEALING WITH COMPLEX MOLECULES OR
OVERLAPPING SIGNALS. TECHNIQUES LIKE NUCLEAR OVERHAUSER EFFECT (NOE) SPECTROSCOPY CAN OFFER INSIGHTS INTO
SPATIAL PROXIMITY, WHICH IS CRUCIAL FOR DETERMINING RELATIVE STEREOCHEMISTRY.

Dynamic NUCLEAR PoLArizATION (DNP) NMR IS ANOTHER SIGNIFICANT ADVANCEMENT THAT CAN DRAMATICALLY ENHANCE
NMR SIGNAL INTENSITY, POTENTIALLY ENABLING THE ANALYSIS OF VERY DILUTE SAMPLES OR ALLOWING FOR FASTER
ACQUISITION TIMES. THIS CAN BE PARTICULARLY USEFUL WHEN WORKING WITH LIMITED AMOUNTS OF MATERIAL, A COMMON
SCENARIO IN EARLY-STAGE RESEARCH. FURTHERMORE, SOLID-STATE NMR CAN BE APPLIED TO CHIRAL MATERIALS THAT ARE NOT
SOLUBLE, EXPANDING THE SCOPE OF CHIRAL ANALYSIS TO A WIDER RANGE OF SAMPLES.

THE DEVELOPMENT OF CHIRAL SHIFT REAGENTS, WHICH ARE OFTEN LANTHANIDE COMPLEXES, REPRESENTS ANOTHER SPECIALIZED
APPROACH. THESE REAGENTS COORDINATE TO LEWIS BASIC SITES ON MOLECULES, INDUCING LARGE PARAMAGNETIC SHIFTS THAT
CAN LEAD TO EXCELLENT SEPARATION OF ENANTIOMERIC SIGNALS. THE PRECISE CONTROL OVER THE MAGNETIC ENVIRONMENT IN
MODERN HIGH-FIELD NMR SPECTROMETERS ALSO CONTRIBUTES TO IMPROVED RESOLUTION AND SENSITIVITY, FURTHER BENEFITING
CHIRAL ANALYSIS.

EMERGING TRENDS IN CHIRAL NMR

o CHIRAL DERIVATIZATION AGENTS (CDAS) WITH ENHANCED SELECTIVITY: DEVELOPMENT OF NEW REAGENTS THAT
PROVIDE LARGER INDUCED CHEMICAL SHIFT DIFFERENCES.

o CoMPUTATIONAL NMR: USING THEORETICAL CALCULATIONS TO PREDICT AND ASSIGN SPECTRA OF CHIRAL MOLECULES
AND THEIR COMPLEXES.

e FLow NMR: INTEGRATING CHIRAL RECOGNITION WITH CONTINUOUS FLOW SYSTEMS FOR REAL-TIME ANALYSIS AND
PURIFICATION.

e MicrorLUIDIC NMR: ENABLING ANALYSIS OF VERY SMALL SAMPLE VOLUMES WITH HIGH SENSITIVITY.



FAQ

Q: WHY ARE ENANTIOMERS INDISTINGUISHABLE BY STANDARD NMR IN ACHIRAL
ENVIRONMENTS?

A: ENANTIOMERS HAVE IDENTICAL PHYSICAL AND CHEMICAL PROPERTIES IN ACHIRAL ENVIRONMENTS. THIS IS BECAUSE THE
ELECTRONIC ENVIRONMENTS AROUND THEIR NUCLEI ARE IDENTICAL, LEADING TO IDENTICAL CHEMICAL SHIFTS AND COUPLING
CONSTANTS IN THEIR NMR SPECTRA.

Q: How Do cHIRAL SOLVATING AGENTS (CSAS) WORK TO DIFFERENTIATE
ENANTIOMERS IN NMR?

A: CSAS ARE ENANTIOMERICALLY PURE MOLECULES THAT FORM TRANSIENT, NON-COVALENT COMPLEXES WITH CHIRAL
ANALYTES. THESE COMPLEXES ARE DIASTEREOMERIC, MEANING THEY HAVE DIFFERENT PROPERTIES. THE CHIRAL ENVIRONMENT
CREATED BY THE CSA CAUSES THE NUCLEI IN EACH ENANTIOMER TO EXPERIENCE SLIGHTLY DIFFERENT MAGNETIC FIELDS,
RESULTING IN DISTINCT NMR SIGNALS.

Q: WHAT IS THE PRIMARY ADVANTAGE OF USING CHIRAL AUXILIARIES OVER CHIRAL
SOLVATING AGENTS?

A: THE PRIMARY ADVANTAGE OF CHIRAL AUXILIARIES IS THAT THEY FORM COVALENT BONDS WITH THE ANALYTE, LEADING TO
MORE STABLE DIASTEREOMERIC SPECIES AND OFTEN LARGER, MORE ROBUST CHEMICAL SHIFT DIFFERENCES BETWEEN THE
ENANTIOMERS. THIS CAN RESULT IN BETTER RESOLUTION OF SIGNALS AND MORE ACCURATE QUANTIFICATION, ESPECIALLY FOR
VERY HIGH ENANTIOMERIC EXCESS VALUES.

Q: CAN NMR BE USED TO DETERMINE THE ABSOLUTE CONFIGURATION OF A CHIRAL
MOLECULE?

A: STANDARD NMR TECHNIQUES, EVEN WITH CHIRAL AGENTS, TYPICALLY DETERMINE THE RELATIVE AMOUNTS OF ENANTIOMERS
(ENANTIOMERIC EXCESS) OR DIASTEREOMERS. DETERMINING ABSOLUTE CONFIGURATION OFTEN REQUIRES COMPARISON WITH
KNOWN STANDARDS, X-RAY CRYSTALLOGRAPHY, OR SPECIALIZED TECHNIQUES LIKE VIBRATIONAL CIRCULAR DICHROISM (\/CD)
OR CHEMICAL DERIVATIZATION FOLLOWED BY NMR.

QI WHAT FACTORS INFLUENCE THE MAGNITUDE OF THE CHEMICAL SHIFT DIFFERENCE
INDUCED BY A CHIRAL AGENT?

A: THE MAGNITUDE OF THE CHEMICAL SHIFT DIFFERENCE DEPENDS ON SEVERAL FACTORS, INCLUDING THE STRENGTH AND NATURE
OF THE INTERACTION BETWEEN THE CHIRAL AGENT AND THE ANALYTE, THE STRUCTURAL RIGIDITY OF THE COMPLEX, THE
DISTANCE OF THE NUCLEI FROM THE CHIRAL RECOGNITION SITE, AND THE SPECIFIC NUCLEI BEING OBSERVED.

Q: Is IT POSSIBLE TO ANALYZE A RACEMIC MIXTURE OF A COMPOUND THAT HAS
MULTIPLE CHIRAL CENTERS USING NMR?

A: YESI IT IS POSSIBLE. WHEN A CHIRAL AGENT INTERACTS WITH A MOLECULE POSSESSING MULTIPLE CHIRAL CENTERS, IT CAN
LEAD TO THE FORMATION OF MULTIPLE DIASTEREOMERIC COMPLEXES. THIS CAN RESULT IN A COMPLEX NMR SPECTRUM, BUT
WITH CAREFUL ANALYSIS AND POTENTIALLY THE USE oF 2D NMR TECHNIQUES, THE DIFFERENT STEREOISOMERS CAN OFTEN BE
RESOLVED AND QUANTIFIED.



Q: WHAT ARE THE LIMITATIONS OF USING CHIRAL AGENTS IN NMR FOR ENANTIOMERIC
EXCESS DETERMINATION?

A: LIMITATIONS INCLUDE THE NEED FOR ADDITIONAL SYNTHETIC STEPS (FOR AUXILIARIES), THE REQUIREMENT TO FIND A
SUITABLE CHIRAL AGENT FOR A SPECIFIC ANALYTE, POTENTIAL BROADENING OF SIGNALS DUE TO DYNAMIC EXCHANGE PROCESSES
(FOE CSAS), AND SOMETIMES INSUFFICIENT RESOLUTION FOR SAMPLES WITH VERY HIGH ENANTIOMERIC PURITY.

Q: How DoES TEMPERATURE AFFECT THE NMR SPECTRA WHEN USING CHIRAL
SOLVATING AGENTS?

A: TEMPERATURE CAN SIGNIFICANTLY INFLUENCE THE EQUILIBRIUM OF COMPLEX FORMATION BETWEEN THE ANALYTE AND THE
CSA. CHANGES IN TEMPERATURE CAN ALTER THE CHEMICAL SHIFTS AND THE RESOLUTION OF THE SIGNALS FOR THE ENANTIOMERS.
THEREFORE, MAINTAINING A CONSISTENT AND OPTIMAL TEMPERATURE IS CRUCIAL FOR REPRODUCIBLE RESULTS.
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