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Workflow in Natural Product Research amn
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Characterization of Unknown Structures
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characterization of extracted compounds that show activity:

first of all, is it a new compound, is the structure unknown?

= dereplication by MS/MS

= molecular formula determination by mass spectrometry




Structural Characterization by MS amn
(><O

Number of hits depending on mass accuracy

m/z = 609.28:

10 ppm = 0.006 Da

0.05 ppm = 0.00003 Da
0.03 mDa

29 hits @ £1 ppm

Impossible for any
MS technology on
a routine basis

e resolution 20000 FWHM

e accuracy 1-2 ppm



Accurate Mass Determination BRUKER

detection of single ion signal:
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922.00 922.01 922.02

2 GHz Digitizer = sampling rate 0.5 ns




Time to Digital Converter BRUKER

time information of the histogram peak is converted by
interpolation and calibration into mass information

A
mass position = 922.009 m/z .
intensity = 4 counts 3 - "' "'
2 —
peak width (FWMH) = 0.06 Da
.
resolution = ——"' = 15400 T ! T 11 F— |

N

4
[m/z]

922.00 922.01 922.02

peak width




Time to Digital Converter BRUKER

with higher sample concentration two or more ions
per acceleration pulse may reach the MCP detector

trigger level

| N 1 1 1 | I 1 1 1 |
= only the first ion causes a trigger event 922.00 922.01 922.02 [m/z]

= the second ion is not converted




Time to Digital Converter BRUKER

with higher sample concentration two or more ions
per acceleration pulse may reach the MCP detector

A
in this example with the same number .
of ions reaching the detector, only

60% of these ions were converted 3 -

= wrong intensity

= wrong mass position

922.00 922.01 922.02




Accurate Mass Determination BRUKER

to avoid dead time effects: different digitizer technology

TDC

trigger level

ADC %]
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922.00 922.01 922.02




Accurate Mass Determination BRUKER

comparing true isotopic pattern of insulin

Intens. —|

| ADC experimental pattern =1 TDC i experimental pattern
6000 - theoretical pattern L theoretical pattern
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= ADC digitizer technology preferred for any MS instrument
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SmartFormula - MS Data Interpretation BRUKER

(<O

SmartFormula Manually

Lower formula:
Upperfome:

4583102 Mote: for m < 2000 the elements C, H, N, and O are considered implicitly.
=

Adducts, pos.  M4H ~ [l collect adducts

Adducts, neg.

-

Measured mfz  468.3102 Tolerance: 2 mba * Charge: 1

Meas. mfz  # IonFormula Score mfz err [mDa] err [ppm] mSigma

468.3102 Q1 C29H42NO4 100.00 468.3108 0.6 13 54
2 (C30H38N5 34.74 468.3122 20 4.2 204
3 C14438N1305 20,20 468.3113 11 2.4 60.5

469.3133
4 | i |
[ Automatically locats monoisotopic peak  Maximum number of formulae 500
[¥] Check rings plus double bonds Minimum 0,5 Maximum 40
470.3166
_J Electron configuration
— .-. — ILI —— [V Filter H/C elementratio  Minimum H/C: g Maximum H/C: 3
456 457 458 459 470 471 |T|I||'z Estimate carbon number Generate immediately

[ Copy to SmartFormula Parameters ]

= unambiguous elemental composition determination by
combined accurate mass and isotopic pattern information
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SmartFormula - MS Data Interpretation BRUKER

(<O

SmartFormula Manuall

Lower formula:

Upper formula:
1. ® 4MS, 9.230-9, 327min #(2674-2702)
W CogHazN0s, 468.3108 Note: for m < 2000 the elements C, H, N, and O are considered implicitly.
1+ Adducts, pos.  M4H

4683108

~ [ collect adducts
Adducts, neg.

-

Measured mfz  468.3102 Tolerance: 2 mba * Charge: 1

Meas. mfz  # IonFormula Score mfz err [mDa] err [ppm] mSigma

468.3102 Q1 C29H42NO4 100.00 468.3108 0.6 13 54
2 (C30H38N5 34.74 468.3122 20 4.2 204
3 C14438N1305 20,20 468.3113 11 2.4 60.5

‘ 1+
459,3142
4 | i |
[ Automatically locats monoisotopic peak  Maximum number of formulae 500
i+ Check rings plus double bonds Minimum 0,5 Maximum 40
\« 470.3171 Electron configuration
—= k JI‘L Filter H/C element ratio  Minimum HfC: o Maximum H/C: 3
- rrr—r—r—rrr—rrrrr—r—rr—r—rr—r—7
453.0 453.5 459.0 459.5 470.0 ITIIZ [¥] Estimate carbon number [¥] Generate immediately

[ Copy to SmartFormula Parameters ]

Overlay of measured and simulated spectrum:

= sum formula C,,H,,NO, shows perfect match for the isotopic patterns
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Accurate molecular formula from MS/MS B

# possible formulae

mass accuracy
several ppm accuracy

plus chemical expertise

medium additional confidence
plus SmartFormula
few
(mass accuracy + TIP)
. plus SmartFormula3D
single

(fragments-based TIP)

= unambiguous formula ID « resolution 40-60000 FWHM

e accuracy 1 ppm (MS & MS/MS)
= definitive molecular formulae 20 full spectra/sec
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Accurate molecular formula from MS/MS BRUKER

1. +M52(468.0000), 9.212-9, 333min #(2648-2683)

MS 4683102 MS/MS

101.0960 396.2164

468,3103
187.0751

211.0754

243.1013
469.3133

i 333.1747

N

486 457 458 489 470 471 mjz 100 150 200 250 300 350 400 450 mfz

t 470.3166
J

Parent Fragments

o elemental formulae for parent ions by SmartFormula

o elemental formulae for fragment ions by SmartFormula

= every ‘true’ fragment formula must be a sub-set of the ‘true’ parent formula

= SmartFormula3D



Accurate molecular formula from MS/MS B(l:al((E)R
(>

1. +M52(468.0000), 9.212-9, 333min #(2648-2683)

MS 4683102 MS/MS

101.0960 396.2164
468.3103

187.0751

211.0754

46,3133
54.0809 338.1747
Jk 470.3166 \
466 467 463 459 470 471 mfz 100 150 200 250 300 350 400 450 mfz
Parent Fragments
SumFormula m/z calc  err[mDa]  err[ppm] mSigma eConf SumFormula  SumFormula Loss m,z Loss err[mCa] Loss
C2gHazN0g [[]Cz4H30N04 CsHiz 72.0933 o1
[[]Cz24H3gN04 CsHiz 72.0933 0.1
[]CazHzeMN03 CyH1g0 116,118 1.2
proposed molecular formulae []C22H26N03 12
. . Cq17H110 1 ,
combination of MS and R fragment ions 03
MS/MS information
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Accurate molecular formula from MS/MS B

characterization of unknown compound by MS/MS:

molecular formula based on TIP of MS and MS/MS spectra

= Cy9H41NO,

= structure elucidation by NMR




NMR Spectra for Structure Elucidation BRUKER

e 1D NMR spectra
o 1D Proton
o 1D Carbon

e 2D NMR spectra
o HSQC = 1y
© = 3Jyy
o HMBC = 2)o/3Jcn
o TOCSY = spin system
o ROESY = through space

} chemical shifts = functional groups

. . aldehyde

aliphatic proton
H
/
carbonyl

carbon ]
H aromatic
> correlations = neighboring atoms

~




NMR Hardware Developments BRUKER

experiment rel. sensitivity
1H 1.00
13C 0.01 )
HSQC 0.25
Q e NMR spectra for structure
COSY 0.20 . elucidation are less sensitive
HMBC 0.07 e sample amounts are typically
TOCSY 0.12 very little
ROESY 0.07 P
in order to reduce the experimental time = increase NMR sensitivity



Increase NMR Sensitivity BRUKER

e increase sensitivity by increasing the magnetic field strength

AMA

e increase (mass) sensitivity through probe technology
o small volume probes: increase mass sensitivity
o CryoProbes: decrease noise and thus increase signal to noise

o combine both: best signal to noise and highest mass sensitivity



Small Volume NMR Probes BRUKER

benefit of small volume NMR probes: increase mass sensitivity

relevant parameters:

e distance H coil to NMR tube

m = const.

e diameter of NMR tube

1/d

= same number of spins increases sensitivity for small volume probes



Small Volume NMR Probes BRUKER

e no problems with solvent impurities (high analyte concentration even
with very small sample amounts)

e no problems with solvent suppression (no radiation damping, etc.)

» advantage of working with small sample amounts
o often easier to get clean samples in small amounts

o ho danger to overload HPLC columns

o possibility to use analytical HPLC columns and fraction collect
(better separation with small sample amounts)




Small Volume NMR Probes BRUKER

Probehead Diameter [mm] 1 1.7 3 5
Sample Volume [ul] 5 30 180 500
Recommended Concentration [mM] 30 10 2.2 1
Sample Amount [umol] 0.15 0.30 0.40 0.50
Mass Sensitivity ~ 4 ~ 2.8 ~ 1.4 1
Experiment Time 1 2 8 16

= 0.6 mg of compound is enough to acquire all required 1D and
2D NMR spectra on a 1.7mm RT @ 400 MHz over the weekend



Small Volume NMR Probes: 1.7mm RT BRUKER

1D H 1 scan
COSY 20 min
TOCSY 45 min
L. NOESY 4 h
) - 50 HSQC 10 min
- 60 HMBC 3.5h
70 H2BC 4 h
i o 1D 13C 8 h
- 90

120ug of a Steroid (= 350g/mol) in 30ul ( 11mMM) < 24 h on 600MHz



Cryogenic NMR Probes BRUKER

benefit of cryogenic NMR probes: decrease noise

4 s/ M- B,
N JR.(T. + TPA) + R,(T, + TPA)

1
1
1
| M: magnetization
: By: static field
" R.: ‘resistance in coil’

1 I R,: ‘resistance in sample’

1 | T coil temperature

: l - T,: sample temperature
4K 80K 298K T TPA: preamplifiers equivalente noise temperature

cooling NMR coil reduces electronic noise = increases signal/noise



Cryogenic NMR Probes: huge selection BRUKER

He cooled CryoProbes 400 500 600 700 800 850 900 950 1000
DCH C-H-D v

TCI H-C/N-D v

TCI H-C/N-D
1.7mm

QCI H/P-C/N/D

QCI H/F-C/N/D

TXO C/H-N-D

DUX 2H

SN IENI RN RN RN AR RN R

DUL-C-H-D 10mm v

BBFO

N RN RN RN RN RN RN S RN RS

BBO H&F v

CryoProbe Prodigy
Prodigy BBO v v v
Prodigy TCI v v v

N, cooled




Highest Versatility: BBO CryoProbe B(I:gl((E)R
(>0

o 13C sensitivity 4 * BBO RT
e 15N sensitivity 4 * BBO RT
e 1H sensitivity 3 * BBO RT

e observe and inverse detection
o cold preamplifiers for BB/1H/2H
e z-gradient

« ATM compatible

« 0" - 80 °C (standard sample temperature
range)

e available for 400 - 700 MHz



Maximum Carbon Sensitivity: DCH BRUKER

L L Lo prpm

1D tH 1 min ]
HSQC 10 min — S L 40
1D 13C 30 min ] , R o

—100

—120

—140

ppm

0.5mg of Quinine (~ 225mol/l) in 600pul (» 2.4mM) on 700MHz



Maximum Mass Sensitivity: 1.7 CryoProbe BRUKER

~- 20

Oc: : - g ‘g - 40
e 1D 1H 1 scan
-8 HSQC 5 min

1 HMBC 10 min
1D 13C 40 min

—120

—140

—160

180

—200

4.5 40 335 3.0 25 2.0 1.5 1.0 0.5 ppm

120ug of a Steroid (» 350g/mol) in 30ul ( 11mM) < 2 h on 600MHz



CryoProbe Prodigy BRUKER

CryoProbe Prodigy: alternative at medium field

liquid nitrogen for cryo-cooling

small footprint

Prodigy BBO

Prodigy TCI

=> 13C sensitivity 2-3 * BBO

50mM Quinine, 32 scans




CryoProbe Prodigy: 13C sensitivity BRUKER

[ ppm

INADEQUATE

I e -0
- 20

Il Il pie 1 I - 40

- 60

- 80

100

~120

140

160

180

\ \ \ \ \ \ \ \ \ \ \ \
150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

17.5mg of Quinine (» 225g/mol) in 600ul (= 100mM): expt. time 16 h




Summary NMR Probes

small volume probes

= increasing mass sensitivity

e 1.7mm RT
e 1Imm RT

cryogenic probes

= decrease noise and increase signal/noise

N, _cooled

e Prodigy = sensitivity boost at affordable price 1
He cooled -
- BBO = highest versatility -
« DCH = highest carbon sensitivity

e 1.7mm = highest mass sensitivity



NMR - Workflow for Structure Elucidation BRUKER

1D Proton, 1D Carbon
functional groups

4

2D HSQC

1)y correlation (CH, CH,, CH3) H /H Jl

2D COSsY
3],y correlation

4

2D HMBC, 2D TOCSY
2)cn/3Jcy correlation, spin system

U

2D ROESY, 2D NOESY
through space correlation




NMR Spectroscopy - 1D Proton BRUKER

\ methyl | | methyl tert-butyl

roof top effect:
AB spin system

6.7 6.8

aromatic protons

-NH

-OH
AN AN J_L A l *—ﬁ_MJM\\—M_ SLIWE
11 11 1 1 1 321112 2 2 2410 221
T T Bl T T T Gl T T 4| T T T 2| T T [plpm]

NMR spectra by courtesy of Wim Vermeulen, Johnson & Johnson



NMR Spectroscopy - 1D Carbon BRUKER

APT (Attached Proton Test) spectrum for assigning multiplicities in 13C spectra
= positive signals: CH,-groups & quaternary C

= negative signals: CH-groups & CH5-groups

chemical shifts < 145ppm
= no carbonyl carbon
= functional groups for O-atoms: alcohol & ether

. T : ‘ T T T . T : : ‘ : T T . . . . ‘ . . . . . . ‘
140 120 100 80 80 40 20 [ppm]

NMR spectra by courtesy of Wim Vermeulen, Johnson & Johnson



HSQC spectrum = '], correlation

NMR Spectroscopy - 2D HSQC amn
(>

(identifying protons & carbons that are bound to each other)

: ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::@::::::::@::E_g
CH, .
@ L
=> 5x CH
B S . B - e eI 3
CH CH, 8 9x CH,
- 4x CH sp3
2 2x CH sp?
. I 5x C sp3
p— :::::::i::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::;g 4X C sz
' 2x OH/NH
CH i
B e e T @)‘ —————————————————————————————————————————————————————————
5.‘5 ‘ ‘ ‘ ‘ 5.‘0 ‘ I ‘ ‘ 4!5 ‘ ‘ I I 4.‘0 I I ‘ I a!s ‘ I I ‘ sfo IF2[ppln1]_

NMR spectra by courtesy of Wim Vermeulen, Johnson & Johnson



COSY spectrum = correlation

NMR Spectroscopy - 2D COSY B(l:al((ls)n
(>
~u.-H

(identifying CH,-fragments that are covalently bound) ‘

R, S R4
JU w -

g
laYexo! %

E CH - CH, o _ _

o geminal correlations
= ee => no additional
— o information

<
[ar ]

vicinal correlations

p = covalently bound

CH,-fragments
o
b

| T T T | T T T | T T T | T T T | T T T | T T T | T
33 3.6 3.4 3.2 3.0 F2 [ppm]

NMR spectra by courtesy of Wim Vermeulen, Johnson & Johnson



HMBC spectrum = correlation

NMR Spectroscopy - 2D HMBC amn
(>
H
H

(connecting CH,- fragments with neighbored carbons)

| 1 ,.L )

_ T ! : | - E
N o + CH with 7 C’s in12/3 bond distance E
3 . b i ¥ } C
= L : % b o . .
— o ® 3 & o —> information
L ; ; ol e g about
L ! i ! i quaternary
—i Lo 5 & : -2 carbons
— R e e i 8
N Ly | T : i
] @ @ | i | -8
— ¢ i ¢ L
T | T T :I I: | T T T T | T T T T :| T T T T | T T T :I | T T T T |:I T I_
70 65 6.0 55 5.0 45 4.0 F2 [ppm]

NMR spectra by courtesy of Wim Vermeulen, Johnson & Johnson



Putting together the fragments BRUKER

1D Proton, 1D Carbon
functional groups

4

application of the rule of double-

2D HSQC bond equivalents (DBE):
1]y correlation (distinguish CH, CH,, CHs)
@ « 10 DBE for C,gH4;NO,
- 3 DBEs C=C
2D COSY

_ => 7 ring closure left for C,4H,;NO,
3],y correlation

4

2D HMBC, 2D TOCSY
2Jcn/3Jcy correlation, spin system



NMR Spectroscopy - 2D Structure BRUKER

... after quite some detective work ...




NMR Spectroscopy - 2D NOESY B(l:al((s)n
(>

ROESY / NOESY spectrum = through space correlation

(stereochemistry and 3D structure)

A | A

o T
a
=
& -—
e
& e
@
8
::::e:.@z: ]
i
— = —_
— «t ° o
—— e
- w
- o
—— & -
T T I T T T T | T T T T | T T T T | T T
55 5.0 4.5 4.0 F2 [ppm]

NMR spectra by courtesy of Wim Vermeulen, Johnson & Johnson



NMR Spectroscopy - 3D Structure B(I:IZK(E)R
(>

3D structure of Buprenorphine

= small volume NMR probes allow acquisition of all 1D & 2D spectra required
for structure elucidation on only 0.6 mg of compound within one weekend




Computer Assisted Structure Elucidation B(I:IZK(E)R
(>

structure elucidation is a time-consuming and challenging task

Structure

R

Elucidation

a lot of analytical data have to be analyzed in order to find the right structure

= computer assisted data interpretation

for small organic molecule NMR: CMC-se




Manual Structure Elucidation BRUKER

Acquired Data Generate Structure

8o 171 Clbmen Buprnerpinciins =
Spectim | precpars | acqurars | Tt | Puseeros | Peaks | megrss | samees | st | Pt Fig

". — H | | | #Lmuj L AL‘ W

a6

|g e € Diptori Bugranorphieadsts = [8 o
Spoc | oo AcquPars Tl | Plsrog] Pt ] .- posra s .1
¥ bhoolo . J1.O
l H L EL
13 e e &
L I PN z
T :
3 L]
[ T A A S Y
| ) = [ [ W= 191 e,
specinum | ProcPars| AuquPars | Tike | PuiseProg | Peaks | inegrats| .1, | Spectnm | Prockars | AcquPars | Tite | Puisefrog | Pests | nisgras| .
TR N PO
N T E
L hai#T EE T
3 ¥ GGUEEE I Y s Ee
(m} . I
kL F2 [ps

Extract Information

21 26.69 1.04 3 sps tert-butyl 16, 9

12 52.31 3.49 sps methoxy 8

5 120.01 6.59 sp? aromatic 2,3, 22

6 118.15 6.74 sp? aromatic 1,2, 4

18 31.73 2.23 sp? 3,7,14 13
18 31.73 1.90 sp? 3,7,14 13
15 40.78 2.22 sps 7,8,9, 23, 24 19




CMC-se - Assisted Structure Elucidation

Acquired Data

B e 17 1 CO\Dimtent Bugrenorphime’ st ==
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CMC-se - Assisted Structure Elucidation BRUKER

%\L@%EB‘ZSR-:\OS‘;%LH|%‘l‘@(ﬁg‘g'oclHﬁ"CH ). 66 HMBC, & COSY : ¢ a u to m a ti Ca I Iy p O p u I a ted

gig H1 C6 c5 H4 €7 €10 €12 €11  c22 | €13 | €11' | C18  C13' c22' ° aII atoms from the molecule
—mmraE - : ; included as rows or columns
L : : . e

o meo) s o

= e » filled in cells indicated the

e S presence of correlations

R g“ e

mmrTIC N : . fully editable by the user

T - : « convenient way for organizing
— ‘ ’ the data for structure elucidation




CMC-se - Assisted Structure Elucidation BRUKER

"1 CMCose nmr (C29H4INOE) e
T
. W BM 2 Syne &1
« all data from the project vsoc

included in a single screen

||

 all automatically picked . |
peaks are displayed kgég 3 o c@o  oadtd
c17 _ ﬁ: ﬁ ?}
- mﬁjg ] . 0.8 @
e manual corrections to the | @f T
. . &le =4 = o o o i = g
automatic data analysis are 7
possible through this window e ¥ : & @ 8
c7 H o @ﬁ@ a

e correlated cursor between all
windows for data evaluation o e & &

cz 0.7
c1

|




CMC-se - Assisted Structure Elucidation BRUKER

e a==ee e clicking on a peak in the data results

| File Edit View Analysis Structure Help

Tad ¥ QG ESOOH ’ in that cell being highlighted in th
Bl ¥ JeRIE @O OH ! in that cell being highlighted in the
ssigned C: 29/28. Assigned H: 39/41 (6°CH 0°CH, §°CH, ), 65 HMBC, 8 COSY
Shift |#H| Equiv| Hybr. | Func. Group| H1 H2 H3 H4 H5 H6 H7 H8 H9 | H10 table and Vlce Versa
934|674 | 650 | 551 |463 | 304 340|335 333 | 318
H1 | c6  ©5 H4 | C7 |C10 ©12 C11 | C22 | C13
556 | 2 sp3 -
604 | 1 sp3 M [1 CMC-ze: nmr (C29H41NO4) EE@W
1885 2 sp3 M HC | h
e : = B8 5. Sy
26693 | 3 | sp3 HSOC (+) g 0
2000 2 sp3 HSQC () a
31.59| 2 sp3 v HMEBC
3173] 2 sp3 e
3550| 0 sp3 M M
4056 0 sp3 I
2078 1 sp3 M| M 028 c7 clo c12
4428| 0 sp3 M| M 3 04 Fy
4515 2 3 M = 2
5231] 3 333 £ @ 8-
5769 2 sp3 % — 11 =
57.06| 1 sp3 £fs -~ % E
79.24] 0 M — E
7989 0 M M — - I@ N
9278 1 i == 25
118.15] 1 sp2 M &2 1 @ |
120.01] 1 sp2 I~ - o4 L i = == .
123.64/ 0 sp2 M (Cwm]) M @
130.58 0 sp2 M [T Wl |
139.55 0 sp2 M | MM | i _
146.05 0 sp2 <l|‘ l:: | M [ : ,| o &3 =
cr 1. 1.3 -
g
- - - [ 1
e modifications in the spectra G i .
EE——
display and correlation table = o g
are synchronized 0 M S L S




CMC-se - Assisted Structure Elucidation

NMR information

MS information

F\Ié Edit View Analysis Structure Help

B ¥ E@OQH i

{nssigned C: 28128, Assigned H: 38/41 (6°CH 9*CH,, 5°CH, ), 66 HMBC, B COSY
HE HH|cc
Name | Shift | #H| Equiv| Hybr |Func Group| H1 | H2 | H3 | Ha | 5 | He | H7 | HB | Ho
934 674 (650 551 463 304 340 335|333
L | M1 C& | €5 H4 €7 €10 €12 CN
| | [ [
lasol2] [ s3] ]
| 556 | 2 sp3_| Q
Tooa 1| s | PN
18.85| 2 5p3 R
2057] 3 | | sp3 |
|2430] 2 sp3 |
2669]3 | 3 | sp3 |
2009/ 2 sp3 |
[svsol 2| | spa | |
31.73] 2 sp3
3559 0 | | sp3 |
4056 0 sp3
|4078 1 | | sp3 | | |
|a428] 0 spa_| |
45.15] 2 | [“sp3 | ||
5231] 3 5p3
57602 | | spa I R
5796 1 sp3
m24|0] | |
7980 | 0 | |
9278 1 | I |
11815 1 sp2
120011 | sp2 R
112364 0 sp2 1]
h30s8{ 0| | sp2
13955 0 sp2 MM
14605 0 | | sp2 | MM
I | [ [ |
I — | | | |

correlation table fragments (optional)

structure proposals

[ Fragments| structures |
7 =
SBACBE AT =G0
File = strucelu sdf
Total structures in file = 10
i ERE TGN~
— 26
27
-7 {7
EN| 2%
25 \
29 /
| s D,NVSU'H
~ 20 -~
e LI ERY)
8/ 1‘|za Il
23 1870
g /37 g
/\7\ i ‘”
0-34 -1
\ 33 §2/5
12 ,
HO-31
g 77 CIN T
26—27
2 N\ /
25
° /
7—25,
\H H\
| ‘Zs o
093 24—
7179\ Y i
2 / 18
123 7., —s
RO et -17—\14 //\5
| 12| 0-34 TS \\
3 = AN
| 17//3‘1\ Zi En /\Nm‘§2/
2—, \ » R i
/7“0-31H NN \ -
= Py oz O3t
s I !
29 12




CMC-se - Assisted Structure Elucidation B(I:IZK(E)R
(>

CMC-se: nmr (C28H4INO

File Edit View Analysis Structure Help

EI‘=|'?J_{ \9/ “’<’O|§:(‘Q|@‘©O|O‘H‘ : ‘Fragmenls‘ Slrutlures|
ssigned C' 29/29, Assigned H' 39/41 (6°CH 9°CH,, 5°CH, ). 66 HIMBC. & COSY é|@@@|§:[f\j‘ |‘>Xl oy gfg| B ‘@|O‘|
File = strucelu.sdf
#H| Equiv| Hybr. [Func. Group| H4 | H5 | HE | H7 | H8 | H9 | H10 | H11 | H12 | H13 Total structures in file = 10

551 | 463 |304 | 340 | 335|333 318 2306 208 284 | [ 37 CZ TACH] -

H4 | €7 | c10 | c12 | ¢11 | c22 | ¢13 [c11 | c19  ¢13
s e generated structures
c27 200 [ 2 sp3 M 2677
C26 556 | 2 sp3 “2s .
e 2 : : W e = are linked to the
c23 2057 3 sp3 /‘5'-',9 u‘]? JEn
caz 2430 2 3 M = 28 8 .
cor| lzeea | 5 | a0 ”"“3?4 5 correlation table
c20 20.09| 2 sp3 oD 1\ ff
c19 3159 2 sp3 v | \ 0-33 -
c18 T3] 2 sp3 M ” i
ci7 3559 0 sp3 M M Ho-31 =
Ci6 4056 0 sp3 (A) . d d | |t I

] M

Cig, 0761 2 w)) e INAlvidual or muitiple
€13 sl Sp M 1 = 7T BaCm .
ci2 5231 3 spa
G| o2l correlations can be
c10 5796 1 sp3 2527
co 7924 0 W ] e .
2 lanl; e . o h viewed on all
cB 118.15) 1 sp2 033 2= 29 o3
ca 12001 1 2 13
S —— : : % 7T structure proposals
c3 13058 0 sp2 M M “h-30 Q\AHH
c2 129.55 0 sp2 :U\/m [
c1 146.05 0 sp2 M I ‘17/3—\1 23
N30 22—,y )
8:; \5‘:5/2 o 21:1‘51 Moo o3 0-31H
033 29 12
034

a @ v ),

HMBC(X15.H5) Volume = 0.232




CMC-se - Assisted Structure Elucidation BRUKER

Bruker Structure Elucidation Report i‘iﬁ
’ . } . B "
nmr (C:\Daten\Buprenorphine\data\nmnstrucelu)
‘H table of assignments
Atom Shift [ppm] | Multiplicty Bound to Cormelation
table c27
cog D42 (c26) H2g czal'\' '
cz7 0.56 (ca7) H2g o5
c27 0.62 (can) H27
cor 0.70 (c20) H26
co6 0.73 (c28) H25
21 1.04 s (c21) H24
©25 110 (c25) H23
cz3 131 s (c23) H22
cz20 1.34 (c20) H21
e 148 (c1g) Hz20
o4 1.54 (c24) H1g9
cM 1.85 (c24) H1g 9 N el
cig 1.00 (c18) H17 Y o N, 08
cis 232 (c15) H16 o1z ez
ci8 233 (c18) H15 |
czz 278 (c22) H14 Ho
1 2.84 (€13 H13
cig 208 (c1g) H1z2
cir 3.08 11 H11
c13 218 (c13) H10
cz2 233 (c22) Ho
ci1 335 c11) HB
c1z 349 s (c12) HT
cio 204 (c10) HE
c7 4.63 (c7) H5
H4 5.51 s H4 i e i
cs .50 d (c5) H3
] 8.74 d (c8) H2 ‘ | — T WL
H1 0.34 s H o ) o
& 4 [ppm]
nmr 17 1 Ch\Daten'Buprenorphingdata
Aug 20, 2012 (9:07:30 AM) Page 2ofd




CMC-se

Behind-the Scenes:
Interpretation Engine




Automated Data Analysis

S/N estimation

peak picking

artifact removal

solvent signal search

build correlation lists

e find common
frequencies

"2 CMC-se: nmr (C29HATNO) E@@'
H-C | H-H
+
B 181 ‘M BM 'R Sync &t 4
HSQC (+) o i ‘é ol oo 5[ []
HSQC (-) ~ i i (o
HMBC-1 \
| |
c7 c10 c12C1€22C13¢C1 C190a32" -
% o '?f'} E_-
2.1 J
] - 0.5 o _|
B L b, e o
= 3.0 - T
$—— 4.8 .9 S oE L .
e A W ot & & T
cio 1.2 o 0.9 S i
g o Fl - ru 3:
2.6 22 . i
L—— & @ = 3
13
c7 .
o @"_e 8__
ge 5.1 . 8_
c3 e - @ - i
N .:‘ I:QJ 1
c2 ° 1
— 3.5 =
5‘ — G 4.0 35 3.0 [PPM}
TN A TR AN SR TR TN NN N A TN NN SO T (N NN S S SR N SR S N S S .




Interpretation of NMR Constraints an

1H-13C HSQC spectrum

o multiplicity edited
o negative signals = CH,-group

o positive signals = CH- or CH5;-group

e quantitative
o integration of peaks = distinguish CH- from CH;-groups

o integral check with 1D 1H spectrum

o 13C chemical shift
o chemical shift < 60 ppm sp3 hybridized
o chemical shift > 100 ppm sp? hybridized



Interpretation of NMR Constraints B(;EK(E)R

HSQC

1D Proton . proton distribution

carbon hybridization

e 5+CH; = sp3 hybridized

molecular formula e 9xCH, = 9+ sp3/ 0+ sp? hybridized

—

CyoH;;NO, « 6« CH o 4+ sp3/ 2+sp? hybridized

e 9+ C o 5+sp3/ 4+ sp? hybridized



Interpretation of NMR Constraints an

HMBC and COSY cross peaks for connection of heavy atoms
HMBC (required) 2] - 3]

3]

CH; = one neighboring carbon atom = 0-1 COSY, 0-2 HMBC correlations

CH, = two neighboring carbon atoms = 0-2 COSY, 0-4 HMBC correlations

sp2 hybridized carbon has to have a sp/sp? hybridized neighbor




Interpretation of NMR Constraints B(;EK(E)R

o Siesbbdrixbuckateation:

H3C - =y T = H3C - H3C - - CH -
= 2] HMBCHMBC - GG — - CH - too few correlations:
= 3] BMBCHMBC - M€ €Hy - - X - CH - only fragments build up
too many correlations:
= 2J HMBC: H5;C - CH, - CH -
even more possibilities

= 3.] HMBC: HBC_CHZ_X_CH -

= 2J HMBC: H;C-X-CH, -CH -
= 3J HMBC: H;C-X-CH,-X-CH -



Interpretation of NMR Constraints an

HSQC

1D Proton . proton distribution

carbon hybridization

HMBC
atom connection

I:> « HMBC correlations are essential to assemble a
molecular structure from individual atoms

e number of structure proposals depends on the
number of (ambiguous/unambiguous) correlations



Adjustments for Structure Generation BRUKER

[ @ Structure Generation Options @1
Structure generator Bruker - .
Execution Control | | e long range correlations have to
Terminate when this many structures were generated (O=no limit) O .
Terminate after this many seconds (0=no limit) 300 be ta ke ni nto d CCO u nt
Use multiple processors
Substructures 1 1
Enable substructure filtering ] © |ncreaS| ng nu mber Of
Ring rules : _
Structure does not contain any rings = CorrEIatlonS that are aUtO
Maximum ring length (0=no limit} 0 H H
Forbidden rings lengths(Comma separated e.g. "3,4") el I m I nated by the SOftwa re
Required rings lengths (Comma separated e.g. "5,6") Step by Step
Correlations
Use COSY correlations
Use HMBC correlations I
Auto-eliminate invalid or long range COSY correlations ] e information about rrngs Iength
Auto-eliminate invalid or long range HMBC correlations ]
Maximum number of eliminated correlations (COSY+HMBC) 0 I
HMBC/COSY autoelimination policy Optimal ~ H H
L ! °
[ information about substructures
[w) Chemistry rules (MS frag mentS)
Generate Structures ] l Cancel ]




Evaluating Structure Proposals BRUKER

File Edit View Analysis Structure Help
E‘%|‘l{_ 3{ R—<,0 @‘ﬂ|@|@O‘O‘H| : |Fragmenls‘ Slruclures|
ssigned C: 29/29, Assigned H. 39/41 (°CH 9°CH,, §°CH, ), 66 HMBC, 8 COSY §|@@@‘&Q| VNG
File = strucelu sdf
#H|Equiv| Hybr. [Func. Group| H1 [ H2 [ H3 [ Ha [ b5 [ HE | 7 [ He | Ho [ H10 | H11 [ H12 | W13 [ H14 | His [ H16 | || Total structures in file = 10
034 | 674 | 650 | 551 463|304 | 340|335 |332 (318|306 (208|284 (270|223 |222| |5 37 oz 77O -
H1 | ce | c5 | Ha | ¢7 |c10 c12 | c11 c22 | €13 | €11 | €19 | €13 | €22 | C18 | G15 F
2 sp3 M 5—/"6\ 034K -«
2 sp3 / 2
c25 604 | 1 sp3 M M 2 /l'
c24 18.85 | 2 sp3 M M 13y ! |
czs 2057 | 3 sp3 M h-30 0 . 1
co2 2430 | 2 sp3 M M = (= 5 \ \‘!4 ate 2 O\33 o
c21 2669 | 3| 3 | sp3 N . S 7 T e
/ -~ T
c20 2009 | 2 sp3 >/ 23 205=1s 15 |
c19 3150 | 2 sp3 v == 20 1 0aam NS L T
ci8 3173 | 2 sp3 M* q: | / /' N ST oz
ci7. 3550 | 0 spa M M B /15“-9__ AN HN-30-1g A /
Ci6 4056 | 0 sp3 E\ | 23 9 28 \ /3-— =
c15 2078 | 1 sp3 M M h 20— 22H4/ \\
Ccl4 44.28 | 0 sp3 M| M M SO Ty \ o
—
c13 4515 | 2 spa M = 12 28 5=
c12 5231 | 3 sp3
ci1 5769 | 2 sp3
c1o 57.96 | 1 sp3
£, [ L M MY s 77 o 50 N
cs 79589 | 0 M M M M
c7 9278 | 1 i MM
Cc6 118.15] 1 sp2 M -
cs 12001 1 sp2 M
ca 12364 0 sp2 M M M M
c3 130.58 | 0 sp2 M M M MM
c2 139.55| 0 sp2 M | M | M
ci 146.05] 0 sp2 M| M M 29
M0 - —s |
031 > V B g—
032 \? /
Qi3 =~ o3
034 031
/3‘—0 a4H
. i N .




CMC-se - Assisted Structure Elucidation B(I_;IZK(E7R
(>

Structure

I

Elucidation

« CMC-se significantly speeds up the process of data analysis
e CMC-se organizes the workflow

« CMC-se generates structure proposals that all fit the experimental data




Structure Elucidation of Natural Products B(I:aK(E)R
(>

characterization of unknown compound by NMR:

structure elucidation based on 1D and 2D NMR spectra

= synthesizing natural product




Synthesis of Buprenorphine

Hp !
PdC
60 °C,
45 at
e N0
7-Acetyl-6,14-ende-etheno- 7-Acmr6.“>-»d-m 6,14-endo-Ethano-7-(2-Hydroxy-3,3-
hebain o dimathyl-2-butyl)-tetrahydrothebain
(o]
1. BrCN / M CHCla/ NCeHeh
e o - KOH /
2 KOH/ LiAIH, 1 THF - Dietnylen-
- o glykol, 210-220 'C
170°C :
HO™ : “Ci(CHg)y
CHq '
6,14-endo-Ethano-7-(2-Hydroxy-3,3- N-Cyclopropyimathyl-8,14-endo-
dimethyl-2-butyl)-tetrahydr ethano-7-(2-hydroxy-3,3-dimethy}-
2-butyl)-tetrahydronorthebain

= verifying synthesis steps by NMR



Acquired Data

W e 17 1 C\Dten Bugrenaaph et Tl |
preinon | procpars | acauras | e [ Pusseroa | Pears | eegras | ssmos | sructre [ ot o
g
z
| 3=
l | | :
| J IR WIS Wl
— e a
e 111 CABrupregnisirt =[5 (T[4 e 801 Cbmembiprmmpnincian R

pctun [pochar Ay [T [Pusprog] Poe [negm] | S7ecvor | ercsen ceufrs T Puseeon  Fowa [ eon

i P

W 1w 10 m &0

o 01 s Buprerephiisia T T ——,

crun pocpar Avqupar e [ usovog [ Pots ey .
[m]

. amlaase Bl necesaleaincont ..
FT Y B

diil

L
File Egit View Analysis Siructure Help
Esh ¥ ~EGEe00
- aogre . 22, g . e 5 73 5104 65, 5 G5
il
T P 1 T T B e e e e e S A T A A A O E O e
waa | a7e || a1 | 53| s | a0 33n 330 a1 0 | 20 | 288 279 | 228 | 222 470 |00 [ 451 45 |3 |40 | 330 330 |10 | S0 | 2| 204|270
T PP P P P PP e I I T ‘e ' | e cia crn o cm e eve e ev e
= el | — ! ! !
= . = o
ez [emlz g | I | - I | - =l -8 Pl 1
I r—— = ol
sl lsoal - ) - — T ] 1
e ! ! ! o 3 W 0
T e - Sl L] o1 1]
- & > ——— q g o . 2t
Er—r T =l sl Yor o ]
e L maE &l Led 4 2 7o T
1o sinels cml ) o - he L
CrRET I — o = - & A e w ™
ot tasare o el —" W o =
I"—“ w3 o ) i £ 1o o & a,,
Cis| a1 w s - R o @fa P = gl
o —— i = -
FTimm—rTYiE} - — 3 e | -
- = = - (8
- e — F ol o . 1
IR et o r - * & = ®
— —r = I 11k, 1 ]
T o - W el o . @
e o e | 8]
F R 4 =l - g
- il |
- -, & r W ’il".
i » o " H . "
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o et L
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CMC-se - Assisted Structure Verification

CMC-s2: nmr (C29H41NO4] 52
File Edit View Analysis Structure Help
Eﬁi?/ﬂ"<° H @OOH NI

Assigned C: 29/29, Assigned H: 39/41 (6°CH 9°CH,, 5°CH, ). 67 HMBC, 8 COSY

PepitNaseraotueda Hioop tesalls

H-C H-H|C-C
Name | Shift |#H|Equiv| Hybr. |Func. Group|| H19 | H20 | H21 | H22 | H23 | H24 | H25 | H26

154 149 | 1.34 | 1.31 | 110 | 1.04 | 0.73 | 0.70
C24' C19% C20 C23 C25  C21 | C2s8 C20'

c26 5.56 | 2 sp3 =

C25 604 | 1 sp3

c24 18.85 | 2 sp3 | s | M —

C23 2057 | 3 sp3

C22 2430 | 2 sp3

Cc21 2669 | 3 3 sp3 i

20 2000 | 2 sp3 M -_

Cc19 3159 | 2 a =

c18 3173 | 2 ;p ‘, Select verified structure ‘ -

c17 3559 | 0 Sp) Look in: | | StructureVerification - & EE-

Ci16 4056 | 0 sp|

c15 4078 | 1 sp| ) i 1

c14 44.28 | 0 sp Z;’;{ﬂ 2
. 50

cis Tasts 2 | vowencer |

. | == —

c11 5769 | 2 ‘ Verification ‘ . i &J

C10 57.96 | 1 Calculating possible assignments, please wait ...

co 79.24 | 0 Press "Cancel” to interrupt.

[0} 7989 | O

Matching, trying 2 violated correlations

o pgedviderajetor .sdf file
perfoden raotecadedovarifiaation

mndiodetddsplactirsatoom of long
vandieaioore latiqpus e

perform automated
spectra analysis

manually inspect and
refine correlation table

Verify structure proposals based on the correlation table



CMC-se - Assisted Structure Verification BRUKER

[ oo v
File Edit View Analysis Structure Help
E‘ -|A V’ R{ : ‘Fragmenls| Slruclures‘
Assigned C: 29/29, Assigned H: 38/41 (6°CH 9°CH,, 5°CH, ). 67 HMBC, 8 COSY é‘@@@|ﬁfﬁ‘ 2 {":Xf§| ‘@|O‘|
B |HH|cC File = strucelu sdf
Name | shift |#H|Equiv| Hybr. [Func. Group| H1 | H2 [ H3 | H4a [ H5 [ HE | H7 | HB | Ho [ Hio [ H11 | Hi2 [ H13 | H14 | Hi5 | H16 | H17 | His | | Total structures in file = 24
934 | 674|659 551 (463|304 349 335|333 318|306 298|284 279|223 [222 190|185 | |7 T20m] -
H1 | c6 | €5  H& | €7 [c10 €12 | Cc11 €22 | €13 | c11' €18 |C13 c22' | c18 | €15 | c1g' | c24 E
c20
c28
P 200 |2 sp3 M
C26 556 | 2 sp3 .
c25 604 | 1 sp3 M M 7] very unllkely
c24 18.85 | 2 sp3 M M s
c23 2057 | 3 sp3 M
cz2 2430 | 2 sp3 M M [s] [s]
ca1 2669 | 3| 3 | sp3
c20 2909 | 2 sp3
c1a 31.50 | 2 sp3 v El —0:34 oo 0-32H
cis 3173 | 2 53 e H:F: Mmoo e G
ci7 3550 | 0 sp3 M M /2 \ /77 [
ci6 4056 | 0 sp3 . I e —fs—a
Ci5 1078 | 1 sp3 M| M H \ // / \ ,20/ [
C14 4428 | O sp3 M M it 18 17—19 0-33H 21
cia 2515 | 2 sp3 M =
ci12 5231 | 3 sp3 22 10\
ci1 5769 | 2 sp3 o
c10 57.96 | 1 sp3 12 ~
ca 7924 | 0 i
ca 7989 | 0 M P
cr 9278 | 1 1 I\
c6 11815 1 sp2 M = 27—=26
cs 12001 1 sp2 0z 24
c4 12364 0 sp2 j
ca 130568 0 sp2 1
c2 13955 | 0 sp2 M 5]
c1 146.05| 0 sp2. M e
N30 i
031 —
03z 8
033 ]
034 ]
g
< n - d -
5.1 . &
e o
‘ 4I0 S 3‘8 L 3‘6 L 314 S 3‘2 ) [ppm]




CMC-se - Assisted Structure Verification

| & CMC-se nmr (C28HA1NOA]

File Edit View Analysis Structure Help

E'A & edlg

ssigned C° 29/29, Assigned H: 398/41 (|

G*CH Q*CH E*CH ), 67 HMBC, 8 COSY

4 |Fragmen15‘ Structures|

SE@RQARIET AL 2 @OR|

File = strucelu sdf
Total structures in file = 12

#H| Equiv| Hybr. [Func. Group| H1 [ H2 | W3 [ Ha | Hs | He | 7 | He | o [ H10 | Hi1 | H12 [ H13 [ H14 [ H15 | Hi6 | HI7 | H18
934 | 674 | 6.59 [ 551 | 463 | 3.94 | 349 (335 | 333|318 306|298 284 | 270 (223 | 222|180 |1.85
H1 | c8 €5 | H4 | €7 c10 | ci2 [c11 €22 | €13 | c11' | c19 |13 c22' | c18 | €16 | C18' | C24

c29

cos

c27 200 |2 sp3 M

co6 556 2 sp3

c25 604 | 1 sp3 M M

c24 1885 | 2 sp3 M M s

cza 2057 | 3 sp3 M

c22 2430 | 2 sp3 M M [ [

c21 2669 | 3| 3 | sps

c20 2909 2 sp3

c19 3150 | 2 spa v =

c18 3173 | 2 sp3 M H:F:

c17 3550 0 sp3 M M

c16 4056 0 sp3

c1s 4078 | 1 sp3 M| W H

cl14 4428 0 sp3 M| M M

c13 45156 | 2 spa M =

c12 5231 3 sp3

c11 57.60 | 2 sp3

c10 5796 | 1 sp3

co 7924 0 M M

ca 7989 0 M M M M M

cr 9278 | 1 i MM M

cs 11815 | 1 sp2 M -

cs 120.01] 1 sp2 M

ca 12364 0 sp2 M M M M

c3 130.58 | 0 sp2 M M M M| W

c2 13955 0 sp2 M| M W

c1 146.05| 0 sp2 M| M M

N30

021

032

023

034

[T

1 37 CIN

4] possible

13‘7#1-30/11

3
18 17_\—19 0-33H{
WA |

m._|»

1




CMC-se - Assisted Structure Verification BRUKER

CMC-se Report B%ﬂ
nmr (C:\Daten\Buprenorphine\data\nmristrucelu)
Explained Correlations Incorrect Correlations
G2 ——c2s
\
\
\/
c5
|
|
f
e
13—
| N
/
/
/
022—ch
N\
/
oH c21 / : N oH c21
C5 Cc4 ci18 CIY\ c19
VAN
/ \ \\ / c20 \
/ \ \/ A
Co—C16——C29 5 /03 C14 C15 Co C16 C29
/ c24
\ / NN /
C2 C‘!\ /CT Cc8 e o8
C23 c28 ' N
/ \\ /// \
/ "0 N
HO o
/
y
cra ci2
Page 4 of 4

Jul 8, 2013 (B:43:16 AM)




CMC-se - Assisted Structure Verification B(I_;IZK(E7R
(>

Structure
Verification

T
J

Synthesized

Compound
Input:

o full set of NMR spectra
e molecular structures

Output:

e possible assignment




Summary Tools for Structure Elucidation BRUKER

mass spectrometry:

« ADC digitizer technology for accurate mass determination

» software package SmartFormula:

o analysis of accurate mass and TIP for MS and MS/MS

NMR spectroscopy:

« small volume probes: increase mass sensitivity

e cryoProbes: decrease noise and thus increase signal to noise

» software package CMCse:
o assisted structure verification and elucidation

o automated analysis of 1D and 2D NMR spectra
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