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The Big Picture

Gaussian

| Complete set of structures
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Correct
rms(D e Structure
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COMPARE

Set of Quality Factors '
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RDC = Residual Dipolar Coupling
RCSA = Residual Chemical Shift Anisotropy RR Gil, RDC in Small-Molecule NMR, 2017



Solution NMR

* |sotropic Solution NMR —Is solution state
NMR where the solute freely rotates in the
solvent.

* Anisotropic Solution NMR — Is solution state
NMR where the solute’s rotation is partially
restricted. As a consequence, the solute is
slightly aligned by the partially ordered media
with the external magnetic field.




Solution State NMR Interactions

Isotropic Anisotropic
Chemical Shift < <
J-coupling q q
NOE q q
Dipolar Coupling X q
Chemical Shift Anisotropy X q

@‘ Detectable

‘X NOT Detectable



Pros & Cons of Anisotropic NMR Analysis

The Good...

* Determine the relative configuration of stereocenters regardless of
the distance between them.

* Removes investigator bias.

* Provides an orthogonal check for a structure solved by isotropic NMR.

The Bad...

 Will not work on flexible molecules



Nuclear Dipole

Spin % nuclei
are dipoles

NMR Active Nucleus




Dipolar Coupling

Y m 7




Anthracene

Dipolar Coupling of Two Bonded NMR Active Nuclei



Anthracene

No Magnetic Field



Isotropic Solution, No Magnet

Anthracene in solution - nuclear spin magnetic vectors point in all directions
- molecular motion is random (isotropic)

Solvent not shown



Isotropic Solution in a NMR

Anthracene in solution - nuclear spin magnet vectors align with magnetic field (B,)
Bond vectors’ with respect to the external magnetic field (B,) are isotropic

Dipolar Coupling and Chemical Shift Anisotropy not detectable



Anisotropic Solution in a NMR

Anthracene in solution - nuclear spin magnet vectors align with the external magnetic field (B,)

Bond vectors’ with respect to the external magnetic field (B,) are partially ordered, anisotropic

Bo Dipolar Coupling and Chemical Shift Anisotropy are detectable



Alignment Medium

Partial molecular alignment
in compressed cavity

PMMA swells
in CDCI3 solution

PMMA

Stfe;ched

PMMA = Polymethyl Methacrylate



Gel Preparation

Preparation of Crosslinked PMMA of Gels

A solution containing MMA (10 mL), V-70 (0.0030 g), and acetone-d6 (2 mL) was first prepared, and 10 mL
were taken (corresponding to 8.33 mL or 7.79x10-2 mol of MMA) and mixed with EGDMA (40 uL, 2.12x10-
4 mol). The fraction of crosslinker in the polymerizing mixture was 0.27 mol %. The resulting solution was
transferred to NMR tubes (d = 3 mm or 5 mm), which were then capped with rubber septa, and the septa
were secured with tape. Each tube was evacuated for short time and back-filled with nitrogen. The cycle
was repeated 3 times, and the NMR tubes were then inserted in an oil bath at 500C. The polymerizations
were carried out for 5 h, and then the tubes were taken out of the heating bath, the septa were removed
and the gels were left to dry slowly at ambient conditions. Rods of 2 mm and 4 mm in diameter were
obtained, respectively.

R.R. Gil et al, Residual Dipolar Couplings (RDCs) Analysis of Small Molecules Made Easy:
Fast and Tuneable Alignment by Reversible Compression/Relaxation of Reusable PMMA Gels,
Chem. Eur. J. 2010, 16, 3622 — 3626



Shopping List for Gels

METHYL METHACRYLATE, M55909-500ML, Sigma
ETHYLENE GLYCOL DIMETHACRYLATE, 335681-5ML, Sigma
V70 free radical initiator, LB-V70-5g, Waco

3mm NMR tube, NE-H3-7, New Era

A4mm NMR tube, NE-400-4-250, New Era



Wash Gels

Washing the gels removes excess monomers.

* Place gelsin 1:1 solution of acetone and
methanol for 5 hours.

* Place gels in chloroform overnight. Repeat the
following day.

* Air dry gels and store.



Dipolar Coupling

The dipolar coupling is a direct interaction between two magnetically
active nuclei (i and j), which can be bonded or nonbonded. Dij is

obtained experimentally, allowing the equation to be solved for the angle
of the internuclear vector.

37ivjtoh .
D; = — 2R3 COS 0—5

<} o o N D,-]- Magnitude of dipolar coupling
o/ i \g > YV Gyromagneticratio

- - > - Ho Permeability of a vacuum

| /. h Planck constantdivided by 27T

{l +D/2 -D/2 R ﬁ\ R Distance between jand j

, \ By External magneticfield

R Internuclear vector

RR Gil, RDC in Small-Molecule NMR, 2017



Chemical Shift Anisotropy

Txx Oxy Oxz

Ozy Ogzy Ozz

Chemical Shift Tensor

0 - Chemical Shift

The electronic environment around a nucleus is generally anisotropic.
For this reason, the chemical shift is also anisotropic. In isotropic media
the fast tumbling averages out the orientational difference, while in

partially oriented media the averaging is incomplete leading to a different
observed chemical shift.
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RR Gil, RDC in Small-Molecule NMR, 2017






Gaussian

DFT-optimized Structures

i i
4  RSRRRS 5 " RsSSRS RSRRSS

The configurations were labelled via the R or S configuration of carbons C7, C8, C13,
C12, C14, and C16 respectively, for example RSSRRS for the true configuration.

Yizhou Liu et al. J. Am. Chem. Soc. 2016, 138, 9548-9556



NMR Tubes P

NEWERA

The New Standard in NMR Sampling
“—Wrap with thread seal tape

11
= B
ID: < 4.2mm T71 T
OD: 5.0mm
-
P
T 1 Spinnerhere”
Piston

PMMA
Gel

ID: 4.2mm
OD: 5.0mm / \
Gel, isotropic Minimum Maximum

+H— Gel, stretched

i «—— Rubber plug Iml alignment alignment
u r plug

Gel Cavity
Gel Cavity Q : :

Uncompressed Compressed

Uncompressed

Stretched Yizhou Liu et al. J. Am. Chem. Soc. 2016, 138, 9548-9556



Shopping List for Devices

e Compression Gel Device, NE-375-5, New Era
e Stretched NMR Tube, NE-HP5-3.2-GT-7, New Era



Energy

m=+1

m=0

=1

Anisotropic Check

7y — A
V
. Vot V20vq
v -
A \‘\\ %
Vv
0 Vo- V2lAvq
v o A 4
Zeeman only Zeeman with Avg
Isotropic Anisotropic
Conditions Conditions

ENERGY LEVELS SPIN I= 1

Vo | .

-4 | & L

e B\

3

Isotropic 2H NMR Spectrum . I ™

Avq ‘
< >

Residual Quadrupolar Coupling 1 i
- -

e

Anisotropic 2H NMR Spectrum

1D 2H NMR SPECTRUM

RR Gil, Encyclopedia Spect. 2017 946-955
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2H RQC Chloroform

22NAR2017 1D Deuterium Observe Experiment

40Hz Splitting |
line width 3.3Hz 11000

10000

40Hz -

F9000

"'" ““' | | -—suuu
. . | :?uun
‘ 6000
‘ r5000
F4000

‘ | | | 3000

[ f-2000

= ff F1000

1000

94 92 90 88 86 B84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52
1 (ppm)

* |sotropic contribution — some of the solution remains outside the gel



The RDC Experiment

Isotropic Conditions
|\ M JA'L_ JJL“'LJ"JHLJ“ - J'\LJLJ“M N Jhk ,,J'LJ"'L

J

S V) S

strikd_24FEB2017.21.ser
Strychnine isotropic
no gel

CH ——> 1il ' ; a.a

|||||||

—100

-------

T T T T T T T
8.5 8.0 7.3 7.0 6.3 6.0 3.3 5.0 3.5 3.0 2.3 2.0 1.5 1.0 0.5

4.5 4.0
2 (ppm)

Homodecoupled J-resolved HSQC Experiment
One Bond J-coupling between Proton and Carbon

1, RSSRRS

=
5

L

f=



The RDC Experiment 2

Anisotropic Conditions using a Compressed Ge ,

__,l.__ ) Ml_ _ N _JILML_.'l,lJJL_ _f}L‘n_Jh‘_,“t__,'Ir'-k_,lLﬂ_

Strychnine22MAR2017.10.ser
Strychnine 30mm

CH,—> . . T -
CH

-

T T 1 T T T
8.5 8.0 7.5 7.0 6.5 6.0 3.5 5.0 4.5 o

Homodecoupled J-resoived HSQC Experiment
One Bond J-coupling between Proton and Carbon

-1.0

50

100

150

200

: =250

fl (H2)

1, RSSRRS



Overlay of Iso and Anisotropic conditions

< — \ — N N " S— - N

| - IIL“ | 1A ;'| Ul | Jk.h_ JJU[H;L ' I‘a, I

180

=160
e " L] aw &s . t--140
=120

. : . F-100

/ N 40
/ \\\\ \

- =20
Anisotropic _Isotropic f
123.0Hz N, ~ "148.8Hz

\.\ 20

/ 40
‘I

0

fi (Hz)

=80
j‘l[lﬂ
_ 120
Anisotropic — Isotropic = RDC o v ew ' }140
123.0Hz — 148.8Hz = -25.8Hz : [160

180

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f2 (ppm)



1, RSSRRS

RDC MSPIN Script

M? ning_| - Notepa
Strychi RDC - Notepad

File Edit Format VYiew Help

e |

fdc_data {

#C1-H1
6 33 25.5

14 39 -1.6

#C11-H11la*
10 34 7.8
#C11-H11b
10 35 -10.2

#C18-HBa

28 46 17.2
#C18-H18b
28 47 16.7
#C20-H20a
16 40 -17.7
#C20-H20b
16 41 -19.4
#C23-H23a
13 37 -24
#C23-H23b
%3 38 -24

permutations{

46 47
40 41
37 38

¥




MSPIN RDC DATA

Strychnine

aei b4 b [7 4%

Main | Computation | Bootstrapping I Lisplay | ) (0}
RDC Data 4 RSRRRS 5 Rsssrs
[® Load Experimentalata | Data Losded roc prgin Resots S [
Com‘orrr:ers Quality Factor Exp Hz CompHz =
‘ Computation a1 0.180
6 0'351 C6,H33 2550 26.07
- (o Calaulate 5VD - ’
| = ] ] 5 0.234 C1,H30 1810 17.24
[ Show Results ] 4 0.249
3 0.190 C2,H31 1070 1112
. 2 0.380
Display = === C3H32 2680 26.56
Values
#1of6 C25,H26 -12.90 -11.88 =
[[Jrocs [ csas
[ res's [ bgs Cl11,H36 -26.60 -26.06
Conformer 1 o
[ Clear Selection Alignment tensor — | C19,H20 -6.30 -7.06
A'w=-1.348e-04
A'y=-3.8202-04 =| | C17,H18 -26.30 -26.03
A'z= 5.168e-04
Saupe tensor
Sye2.02%0-04 | |C22,H23 17.80 18.77
5'y=-5,730e-04 &
S'z= 7.752e-04 C14H39 -160 -1.14
1 ° LO a d St r u Ct u re S Alfgnment tensor eigenvectors
. e[x]=(0.984, 0.003,-0.177) C10,H34 -260 -5.17
[y]=(-0.022, 0.935,-0.102)
2. Load Experimental Data o e s —— .
3. Calculate Q factors [ — || s 80 012
I8 LT 85N 017 S
’ Export Output ] 1| i +




Computational Vs. Experimental

30

R =0p.0975
Correct Structure

20

10

o

-10

Q =0.044 1,RSSRRS 20

30

R =D9618
20

Wrong Structure N ©

30

-30 -20 -1g D 10 0
-10

-20

-30

o 0
H
Q=0380 3  RSRSSS

-0

30



MSPIN RDC DATA

Isomer of Strychnine

Isomer 9 with H16 down is the

correct isomer with a Q Factor of 0.073

Isomer 10 with H16 up is incorrect
with a Q Factor of 0.088

RDC Plugin Results

Solutions Quality Factor =
>3 0.328
> 2 0.328
41 0.328
12 0127
1 0194
10 0,088
9 0073
8 0811
7 0700
[ 0772 3
5 0783
4 0.608
3 0.700
2 0632 -
Solution1 i
Conformer 9
Alignment tensor
Alx=-1.913e-04
Aly=-2,582e-04
A'z= 4,500e-04 L
Saupe tensor 2
S'%=-2.877e-04
S'y=-3.872e-04
S'7=6.750e-04

Alignment tensor eigenvectors
e[x]=(0.954,-0.292,-0.069)
e[y]=(0.261, 0.920,-0.292)
efz]=(0.149, 0.261, 0.954)

Alignment tensor in laboratory coordinates:
[-1.821e-04,9.063e-06,9.635e-05]
[9.063e-06,-2.043e-04, 1. 776e-04]
[9.635e-05,1.7762-04,3.854e-04]

[ Export Q factors

[ Export Output

6,H33

1,130

C2,H31

3,H32

C25,H26
C11,H36
19,H20
C17,H18
C2,H23
C16,H41
C10,H34
€10,H35
C28,H46
C28,H47
C14,H39
C14,H40
C13,H37
C13,H38

4

Exp Hz
17.30
15.50
12.70
16.60
-5.70
-23.30
-2.20
-23.70
17.50
-1.50
-5.00

-5.00

-15.00
-15.00
-5.30
-5.30

1

Comp Hz
1731

16.42
1310
17.66
-4.87
-2340
-211
-23.20
16.84
-181
-310
-3.10
519
519
-14.75
-14.75
-3.23

-3.23

Mark Zhang



The RCSA Experiment

%5 3 3mm_14DEC2017 20.5d Stretched Gel

O 3CPDpl.PUCDA3Z fopt/topspin3. 0 nmisu 54

N
18/19\\15———15 H\\
1 }? /7, NP o » Stretched (3.2mm) = Blue Trace
TN _‘\-\-.1-‘-‘-? / -
A i * Not Stretched (4.2mm) = Red Trace
! /o . 2 2 - : : ==
3\%/&@-?\ e Anisotropic — Isotropic = RCSA
\10—1{r 12
/
o]
9
RCSA =0.0184ppm RCSA = 0.0064ppm
l
|l |
| I
t 21
b | |
|"|| | I|'l|

T T T T T ¥ T ¥ T ¥ rrr.r. . r.- - rD0 /1T T ¥ T ¥ T ¥ T T T T T T T T T T T T T T T T T ¥ T ¥ T ¥ rrfr.r 7. /- 909 /m 1,9 /71T T v T ¥
142.7 1425 1423 142.1 141.9 141.7 141.5 14;..3[ }14 1.1 140.% 140.7 140.5 140.3 140.1 139.9 1353.7
1 | ppmi

~ 1800
~1400
= 1200

= 1000



RCSA MSPIN Script

| CSA_DATA Script - N

File Edit Format View Help
csa_data {

L0210
.01E84
L0178
. 0182

. 0004
. 0008
. 0004
. 0064
10 -0.0020

#C18
28 0.0056

csa_referenceq
#c20
1é

¥




MPSIN RCSA DATA

MSpin file://CifUsers/kenithc/Desktop/PEOPLE/Xin/DFT/S9_isomers_DB/STRYCHNINE... | = | = & |

PR T

RDC Plugin Results =
Com‘orrr?ers Quality Factor Exp. ppm Comp. ppm
41 0.049 6 002 0.020

6 0154
3 0.061 1 0018 0.019
4 0.078
3 0.075 c2 0018 0.017
2 0146
1 0.036 c3 0018 0.019
C25 -0.004 -0.004
C19 0.000 0.001
Conformer 1 -
Alignment tensor — |C17 0001 0.001
A'x= 2,903e-05
A'y= 8.584e-05 =| | c22 0000 -0.000
A'z=-1.14%e-04
Saupe tensor | | c14 0.006 0.006
S'x= 4,355e-05
S'y=1,2882-04
S'7=-1.723e-04 C1o -0.002 -0.002
Alignment tensor eigenvectors
e[x]=( 0.950,-0.041,-0.135) c28 0.006 0.006
ely]=( 0.018, 0.993,-0.115)
e[z]=(0.199, 0.109, 0.974) 13 -0.001 -0.001
[ Export Q factors ]
# of 6 [ Export Output | J




RDC Experimental Parameters

Pulse program for Bruker spectrometers:

;J-resclved HSQC

;3hift Correlation version s> cnstld= 0
; J-resolved version =>cnstlid= 1

;Fl-heterccoupled version==> cnstld= 0
;Fl-heterodecoupled version==> cnstld= 1

;with J scaling in tl
J-scaled in shift correlation experiments==> cnstl2= 1-10
J-scaled in J-resclved expsrimsnts==> cnstlZ= 1

r

I

;Conventional acquisition==> cnstlS5= 0
; Pure shift acqguisition==> cnstls= 1

;phase sensitive using Echo/Antiecho-TPPI gradient selectilon
;with decoupling during acguisition

;using shaped pulses for inversion and refocussing on f2 -
channel

;using G BIRD(r) to remove long range couplings in tl

DOI: 10.1021/acs.joc.6b02103 -- Click on link for supporting information



RCSA Experimental Parameters

C13CPDp1.PU — conventional carbon experiment



Gaussian RDC Calculation

%chk=S9 RSSRRS DFT.chk
%mem=512MB

%nproc=2

# opt freq b3lyp/6-31g(d) geom=connectivity



Gaussian RCSA Calculation

%chk=C:\Users\kenithc\Desktop\RDC\GIL\RCSA\Gaussian_RCSA\1_RSSRRS_DFT.chk
# nmr=giao mpw1lpw91/6-31g(d,p) nosymm geom=connectivity
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