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In this work, a novel method for assigning the absolute con gration of a chiral
primary amine has been developed based on the experimentalral DFT-calculated
19 NMR chemical shift differences of its derived two uorinad amides by
reacting with two enantiomers of a chiral derivatizing agdénFPP @- uorinated

phenylacetic phenylselenoester) separately. Comparindié experimental chemical shift
difference 1 S of (R)-FPA-amide/(S)-FPA-amide with the calculated dy £*S of

(R)-FPA-(R)-amide/(S)-FPA-(R)-amide, if the experimaht dy RS has the same symbol
(positive or negative) as one of the theoretical d, £?S, the assigned con guration

of the amine is considered to be consistent with the theoretial one. Our method
could be applied to a broad substrate scope avoiding wrong caoclusion due to
empirical judgment.

Keywords: absolute con guration assignment, primary amine, 19F nuclear magnetic resonance, DFT calculation,

uorinated phenylacetic phenylselenoester

INTRODUCTION

Over the decade, the increased tremendous demand of optfmalé organic compounds in many
elds, such as drug discovery, medicinal chemistry, andramgtric synthesis, has promoted the
exploration of practical strategies for determining the dbsocon guration of a chiral molecule
(Bijvoet et al., 1951; Flack and Bernardinelli, 2000; De Gugsal., 2012; Burtea and Rychnovsky,
2017; Liuetal., 2017; Sairenji etal., 2017; Yan et al.; R=&t al., 2018 Among varied developed
technologies for this purpose, NMR spectroscopic detection efdemical shift di erences of
NMR signals of formed diastereomers of chiral guests withatlzigents is one of the most used
methods, which is simple and convenient, giving straightfam information for analysis without
the need of standard samplesSh{vo et al., 1967; Jacobus et al., 1968; Ohtani et al., 18&uchi
etal., 1991, 1993, 2004, 2006; Hanna and Lau-Cam, 1998eTabs 1994; Hoye and Renner, 1996;
Kirk, 1998; Yabuuchi and Kusumi, 2000; Fujiwara et al., 28@to et al., 2004, Freire et al., 2005,
2008; Orlov and Ananikov, 2010, 2011; Wenzel and Chishorhl 2Kumari et al., 2013, 2015; Pal
etal., 2014; Bian etal., 2015; Lakshmipriya et al., 2016pWwaki et al., 2016; Yan et al., 2017; Burns
etal., 2018
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Chiral amines have been ubiquitous in natural products ancaind DFT-calculated!® NMR chemical shift dierences of
widely used in the eld of medicine, so it is very important its corresponding R)-FPA-amide and §-FPA-amide derived
to determine their absolute con gurations. Up to now, the from the chiral amine by reacting with two enantiomers
published research concerning the determination of absolutof a CDA FPP &- uorinated phenylacetic phenylselenoester,
con guration by NMR is mostly based otH NMR. Itisvery rare  Table 1) separately. By comparison, the experimertal, ?S
to use!®F NMR for this purpose and all are based on empirical(1 dx £¥SD dy £R—day 5 wheredy Randd, Sarel®F-{1H}
models. Determining the absolute con guration of amines inNMR values of R)-FPA-amide and §-FPA-amide, respectively)
19 NMR was rstly reported by Mosher using tri urophenyl has the same symbol (positive or negative) as one of the
acetic acid as the chiral derivatizing agent (CDA) who enapitiy  theoreticall d, RS, the assigned con guration of the amine is
assigned the absolute con gurations by comparingt?@eNMR  considered to be consistent with the theoretical oRig(re 10).
experimental chemical shift di erences of the formed amidesThe advantages of FPP are as follows: it can react with amines
between a chiral amine and two enantiomers of a CDA basedirectly in NMR tubes to form amides immediately without the
on Mosher's modelsale and Mosher, 1973; Sullivan et al.,addition of other chemical reagents and give very clean swlut
1973 as shown inFigure 1A in which Ligge is the large group avoiding any further handling step. Chiral FPP is stable irec
of amine and L is the small group of amine by comparing solvents over weeks and can be stored in a sealed bottleetbver
their inherent stereochemistry. Successful assignmeavilye with foil for months in a refrigerator.
depends on correct judgment of inherent stereochemistry of
the groups. However, it is di cult to judge the intrinsic sizef NMATERIALS AND METHODS
groups in many cases, which could result in wrong conclusions
In the 1990s, using alpha- uorinated phenyl acetic acid (FPAGeneral Information and Materials
as a CDA, Hamman observed that correctly constructing thé\ll commercial reagents were used as received without furthe
correlation between the absolute con guration of aminesian puri cation unless otherwise stated. All reactions were unuer
chemical shifts of°F NMR of formed alpha- uorinated phenyl N2 unless otherwise indicated. NMR spectra were recorded
acetic amide depends on the property of thednd L, groups  using a 400-MHz spectrometer. Chemical shifts were reported
of amines. If both groups are alkyl or aryl groups, should in parts per million (ppm), using CDGl (d4 D 7.26 ppm,dc
be the bulkier group. However, if the formed amide having éD 77.16 ppm) and tri uorotoluene (63.9 ppm) as internal
CO,Me group attached to the chiral alpha carbon, then thestandards. Multiplicities are indicated as s (singlet), dufdet),
L; group is always a CgMe group, no matter how large the t (triplet), g (quartet), and m (multiplet). High-resolutiomass
other group is Figure 1B (Hamman, 1990, 1993; Temperini spectra (HRMS) were obtained by the ESI ionization sources
et al., 201). In addition to the CQMe group, our group also Using the TOF MS technique. The calculatéf NMR shifts
observed that if another functional group is attached (sasta  were referenced to tri uorotoluenesfes D 257.58 ppmges D
hydroxyl group or uorine atom), this group should be thg L~ 63.9 ppm).
group in order to give correct con gurationsHgure 1B). The )
interactions between the alpha chiral F atom and the funaion General Synthesis Procedure for
groups may cause the judgment complexity of thedroup. Chiral FPP
These observations indicate that proper judgment of thgiloup  Chiral FPP was readily prepared by a one-pot procedure reported
is critical for the correct assignment of absolute con giima. by Temperini's group Temperini et al., 20))7using chirala-
Thus, an empirical model based on inherent stereochemistryiorinated phenylacetic acid and diphenyl diselenide as the
simply could not be established for correlating the absolutstarting materials (the procedure is illustratedScheme L
con gurations of amines containing functional groups withet To a mixture of §-a- uorobenzeneacetic acid (1.0g, 6.49
chemical shift values of their corresponding alpha- uoriedt mmol) and N-methylmorpholine (NMM) (722 mg, 7.14 mmol)
phenyl acetic amides. Interestingly, the internationalamiof  in 20 ml of dried ethyl acetat&;BuOCOCI (975 mg, 7.14 mmol)
pure and applied chemistry (IUPAC) rule for the assignment ofwas added dropwise in 30 min underMt O C. After addition,
the Ly group is more appropriate than inherent stereochemistrithe mixture was stirred for another 30min at ©. Then,
with the uorinated phenyl acetic acid derived amides, buta fresh and white solution of nucleophilic selenium species,
such kind of assignment is arbitrary. How does one establishrepared by reacting diphenyl diselenide (1.48 g, 3.245 mmol),
the correlation between the absolute con guration of vdrie sodium borohydride (245mg, 6.49 mmol), and @EOOH
amines and'®F NMR signal of their corresponding alpha- (973.5mg, 16.225 mmol) in 10ml of dried ethyl acetate at
uorinated phenyl acetic amides excluding arbitrary assigmt? 40 C for 30min, was added to the above mixture, and the
Considering that the assignment of absolute con guratioh o stirring was continued at room temperature until completion
chiral molecules using a circular dichroism spectrometer byf reaction as detected by TLC. The mixture was quenched
comparing the experimental and calculated CD spectra has beby 5ml of 1M HCI and extracted by ethyl acetate (20ml
well-established ickins et al., 1999; Aamouche et al., 2000; 2). The organic phase was washed by brine (20 ml), dried
Huang et al., 2000; Pescitelli and Bruhn, 201 wonder if we over anhydrous sodium sulfate, and concentraiedvacuo
can do the same thing with NMR. The crude product was puriedvia ash chromatography
Here, we report a novel method for the assignment of absoluten silica gel (petroleum ether/ethyl acetate 10:1 to 5:1),
con guration of a chiral amine by comparing the experimentala ording the corresponding product (S)-FPP (little yellow
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A Correlation of configuration and '°F NMR of MTPA derivative.
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B: L4 is CO,Me or OH or F; L, is alkyl or aromatic group.
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FIGURE 1 | (A) Mosher's models. (B) Hamman's models. (C) Our method.

oil, total yield up to 69%) $upplementary Figures S1-$4 ppm; °F-{1H} NMR (376 MHz, CDG) d 180.8 ppm;

[a]2 D 134 (c D 1.0 in CHCE); *H NMR (400 MHz, HRMS (ESI) Calcd for [gH11FOSeNa, MNa]°: 316.9851,
CDCl) d 7.54-7.47 (m, 4H), 7.46-7.43 (m, 2H), 7.42-found: 316.9849.

7.37 (m, 4H), 5.81 (dJ D 47.6Hz, 1H) ppm;13C NMR Following the same procedurdR)tFPP was synthesized from
(CDCl3, 100 MHz)d 198.8, 136.2, 135.8, 132.7, 130.1, 129.6R)-a- uorobenzeneacetic acid (little yellow oil, total yield tp

129.4, 129.0, 128.9, 128.8, 127.9, 126.7, 957 Md189Hz) 67%).p]3°D 13.2 (cD 1.0in CHCE).
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TABLE 1 | Constructing the correlation between the absolute con gurdion of amines with the experimental measurements and DFT &zulations of1 d, ,:Rvs of their
corresponding R)-FPA-amide and §)-FPA-amidé?.

@w@’*

TS‘R%:[ j W

(R)-FPP R)-FPA-amide (S)-FPA-amide )-FPP
Entry Amine Contrasting 1dy RS(ppm) Entry Amine Contrasting 1d, RS (ppm)
spectra P spectra P
Exptl. © Calcd. Exptl.¢  Calcd.
1 NH, 1.18 (S) 0.92 §) 13 NH; 030 R) 0.66R)
OH
v—v—v—rv*—v—r—v—v—v—r—v—vﬂ—l—v' L A
-177.5 ppm -176.0 ppm
2 NE; 119R) 092(R) 14 NH, 0.30(S) 0.66 ©)
©/\ ~ OH
S U, ——
-177.5 ppm -176.0 ppm
3 NH; 1.73 R) 0.30 R) 15 NH, 134(R)  0.89
(224 Rosg P88 Rozd p2sd B
1770 ppm -176.0 ppm
4 NH; 1.65 (S) 0.30 ) 16 NH, 1.34 (S) 0.89
o A
| I D B T
-177.0 ppm -176.0 ppm
5 NH, 1.50 R) 1.35 R) 17 NH, 068R) 1.26R)
0T ”
(R e o
-177.0  ppm -176.0  ppm
6 NH, 1.51 (S) 1.35 ) 18 NHy 0.68(S) 1.26©)
~OH
r 1 —& [ T % 7 &= ¥
-177.0  ppm -176.0 ppm
7 NH; 023 R) 0.58 (R) 19 NH, 223R) 077 (R
O/\ O\
(o] [RARAEE RAARAS RARARE RAAS
-177.0  ppm -175.0 ppm
8 NH, 0.23 (S) 0.58 ) 20 NH; 225() 0.770)
O)\ - O
O R e s haaad
-177.0  ppm -175.0 ppm
9 NH, 2.33(R) 3.23R) 21 NH; 1.01(R) 050
OH O e
B I (@] A L L L e
4176.0 ppm -175.5 ppm
10 NH, 2.33(9) 3.236) 22 NH 1.01(S) 050
H L4 O\
Sl M FRA T E Ol
1Sl ppm 4755  ppm
(Continued)
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TABLE 1 | Continued

Entry Amine Contrasting 1d, ,:R'S(ppm) Entry Amine Contrasting 1d, ,:R'S (ppm)
spectra P spectra P
Exptl. © Calcd. Exptl. © Calcd.
11 2.44 R) 1.55 R) 23 2290¢ 068 R)
12 2.44 (S) 1.55 ) 0.68 (S)

2 (R)-FPP or (S)-FPP (0.017 mmol) and amine (0.085 mmol) in 0.5 ml CBCthe proton-decoupled *°F NMR spectra were collected on a Bruker Avance 400-MHz spectrometer at
25 C (the solvent was DMSO-g in entries 17-20),°F NMR experiment (15-s delay time, 64 scans each) and tri uorotoluene as tiernal standard ( 63.9 ppm). ® The blue spectra
were obtained from (R)-FPA-amide and the red spectra were obtained frorts)-FPA-amide.¢ The assigned con gurations were labeled in parentheses? Assigned con guration was
con rmed by comparison the optical rotation data with reference Thvedt et al., 2010.

(Supplementary Figures S5-Sh0 The results are listed in
Table 1(entries 1-22). It can be seen that the obtaided) £~
values are positive for all teste§+{amines and are negative for
all tested R)-amines, whether the amine is aromatic amine, fatty
amine, amino alcohol, or amino acid ester.

How to correlate con gurations withl d; RS reasonably
is the key to establishing the method of determining absolut
con guration by 1°F NMR with FPP. For the amines of
entries 1-8, correct con gurations could be given by comparin
C . | Assi f AM the inherent stereochemistry of groups based on Hamman's

on gurational Assignment of Amines model. However, for several aminegble 1, entries 9-16, 19,
by FPP ) and 20), the comparison of the inherent stereochemistry of
FPP [0.017 mmol R)-FPP or §-FPP] and amine (0.085 mmol) qroups based on Hamman's model gave incorrect assignment
were mixed in 0.5ml of CDG| and the proton-decoupled®  of the absolute con guration, which is likely to be caused
NMR spectra were collected on a Bruker Avance 4OO-MH5y the electron e ect of the heteroatomHémman, 1990,
spectrometer at_ 2% (the solvent was DMSOegdfor guests 1993; Apparu et al., 2000Thus, we need to explore a new
17-20) (delay time: 15s, 64 scans each ‘fifi-{1H} NMR strategy to overcome these problems. We propose that
egperlment). The internal standard of uorine spectrum is 4-; Epa_amide is mainly in uenced by the composite factors
tri uorotoluene (- 63.9 ppm). of electronic and steric hindrance e ects of groups. It is
unrealistic to correlate interactions of electronic ancerst

RESULTS AND DISCUSSION hindrance e ects by a simple empirical model. Nevertheless,

in today's highly developed computational chemistry, the

First, to examine FPP as in-tube CDA for chiral amines, 1 equi combined e ects of electronic e ect and steric hindrance can
of (9-FPP was added to an NMR tube with 1 equiv. §-( be achieved by strict theoretical calculation. By theoesly
a-phenylethanamine in CDGlunder air at room temperature Calculating the chemical shift di erences of the amide fodme
giving clean solution, and the proton-decouplé¥(°F-{1H}) from a chiral amine with two enantiomers of FPP separately
NMR spectra were recorded immediately. The correspondingnd comparing the experiment and calculated values, a new
amide was generated within 5min and the whole derivatizingnethod for assigning the absolute con guration could be well-
process was nished within 20 min. Also, the uorine chemical €stablished.
shift values of the derivatives do not vary with the reactiione Our theoretical calculation is as follows. Conformation
and the di erent ratios of chiral FPP/aminéS(ipplementary }, ~ screening was applied using molecular mechanics methods in
which is crucial to determine the absolute con guration.igt our calculations in order to obtain more reliable resultsnli
unfortunate that slightly partial racemization happened aigri energy favorable conformations of every molecule weretsele
the derivatization, which leads to the failure of measurthg and geometry optimization was performed based on B3LYP/6-
enantiomeric purity of chiral amines, but it does not aect 111 G(d,p) level. Vibrational frequency analyses at the smsis
the assignment of absolute con guration by using the mainsets were used on all optimized structures in order to chara
enantiomers' signals. stationary points as local minima. Then, the Gibbs free eyperg

Then, we recorded thé®F-{1H} NMR spectra of a series with zero-point energy (ZPE) corrections was obtained for
of amines with known con gurations after FPP derivatizatio every conformer. The lowest Gibbs free energy conformers

SCHEME 1 | General synthesis procedure for chiral FPP.
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were selected and th®F NMR parameters for FPA-amines and (9-FPA-(R)-amide and the 1dy RS value of R)-
were calculated at the level of B972/cc-PVQZ with the GIAGFPA-(§-amide and §-FPA-(9-amide, the experimental
method. All the calculations were in chloroform solvent andchemical shift dierenceld, g*S of (R)-FPA-amide and
the solvent e ects were evaluated by the IEFPCM model. Thé5-FPA-amide is compared with the calculated values. If
Gaussian 09 packagér(sch et al., 207)0was used for all of the experimentall dy *S has the same symbol (positive
our calculations. All the conformers were local minimum andor negative) as one of the theoretichld, £*S, the assigned
veried by frequency calculation. Also, two molecules werecon guration of the amine is considered to be consistent
selected to perfornt® NMR calculation for all conformers with the theoretical one. Since both electronic and steric
according to Boltzmann equations based on free energy datandrance e ects for the absolute con guration are considgre
by frequency calculation. It was found that there is a tiiviaour method is widely valid for a broad substrate scope and
dierence in 1dy RS between the data of the most stableavoids incorrect assignment of absolute con guration by
conformer and the statistic valueSi{pplementary 3. Hence, the empirical judgment.

most stable conformer of each molecule was used to calculate

19 NMR and1 d; RS data. The calculatetPF chemical shifts DATA AVAILABILITY

for the lowest-energy conformers were in agreement with the

experimental valuesTéble 1, entries 1-22). Then, the method All datasets generated for this study are included in the
is applied to determine the absolute con guration of an aminemanuscript and theSupplementary Files

with unknown con guration (2- uoro-1-phenylethanamine in

Table 1 entry 23). The calculation-predictetids RS of (R-  AUTHOR CONTRIBUTIONS

amide of amine 23 was negative @.68), and1 dy £*S of

(9-amide of amine 23 was positive (0.68). The experimentaAll authors listed have made a substantial, direct and iat¢lial
measuredl dy £*S of the derived amide from amine 23 is contribution to the work, and approved it for publication.

positive (2.29), so the assigned con guration of amine 23 was

S which was con rmed by comparison of the optical rotation FUNDING

data with referenceThvedt et al., 2000(Supplementary 2. In

addition, it should be noted that the present method was ledit This work was supported by the Strategic Priority Research
to be chiral amines, including a chiral tertiary carbon a&nt program of the Chinese Academy of Sciences (No.
and sterically more di erentiated groups {IL,). As to chiral XDB20000000), the Natural Science Foundation of Fujian
amines containing similar size in space, the obtained chaimicpProvince, China (No. 2018J01029), the Open Project Program
shift di erence is too small to be suitable for judging abselu of the State Key Laboratory of Photocatalysis on Energy and

con gurations (Hamman, 1990 Environment (SKLPEE-KF201813), and the Key Laboratory
of Coal to Ethylene Glycol and Its Related Technology, Fujian
CONCLUSIONS Institute of Research on the Structure of Matter, Chinese

Academy of Sciences.
A novel method for assigning the absolute con guration of
chiral primary amines based on experimental and calculates yPPLEMENTARY MATERIAL
19 NMR has been developed. The method employs a new type
of CDA, chiral a- uorinated phenylacetic phenylselenoester,The Supplementary Material for this article can be found
which can derivatize a primary amine directly in an NMRonline at: https://www.frontiersin.org/articles/10.38&hem.
tube. Calculating thel dy 7S value of R)-FPA-(R)-amide  2019.00318/full#supplementary-material
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