Exercise plus Solution — Quick overview

It is recommended to use this version only for a quick overview of the NMR challenge. All animations of the PowerPoint
version are missing, under certain circumstances quality deficiencies may also occur.
The higher quality PowerPoint files are freely available for download at any time.
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Problem of the Month:
May 2021

The sample in this problem is an oligopeptide.
Note that one of the amino acid residues is not one of the 21 naturally occurring
eukaryotic amino acids.
Deduce the constitution and assign all nuclei (proton, carbon and nitrogen).
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515.49

522.23
508.91

You should keep a close eye on the number of double bond equivalents.

528.74

This is the same proton spectrum as on the previous slide,
but with different peaks expanded.
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3C{*H} NMR spectrum
recorded at 125.80{500.13} MHz

€991

LY /L1

181

6881

0Z'0€

AR

v8’

O°0S

L6°€S

€S TLT
26'T.T—

144

A YA

T ¢.L1

JLQ‘ONHM

ppm

20

o
25

a—
35

13C

L

170

175




1H/13C-HSQC
recorded at 500.13/125.80 MHz
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1H/1H-COSY
recorded at 500.13 MHz

% % L] 1

Nl

rrr—rorrrrrrr
80 7.0 601,50 40 30 20 10 ppm



part of *H/13C-HMBC
recorded at 500.13/125.80 MHz
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1H/N-HSQC

recorded at 500.13/50.70 MHz
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parts of 'H/TH-NOESY
recorded at 500.13 MHz

(true NOESY peaks are displayed in red)
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Basics

Integration, double bond C13H22N4O4
equivalents 1 “
sum of measured integrals: 41.09
number of protons: 22
proportionality coefficient: 0.535
measured integrals * coefficient: 0.93:0.98:0.96:0.95:0.98:0.97:0.93:3.00:3.23:3.27 :5.80
double bond equivalents: 5
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Number of amino acids

Basics

double bond equivalents:

number of >C=0 groups:

5

4(171.41,171.53,171.92,172.16 ppm)

Please note:

all oxygen atoms are used now, no —OH group is possible.

C13H22N4O4

double bond equivalents: 5
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Basics
Number o Mﬂino acids

double bond equivalents:

number of >C=0 groups:
number of >NH groups (HSQC):

number of N atoms (from HMBC):

119.8 “

121.1 "

122.4

1H/15N-HSQC
recorded at 500.13/50.70 MHz L1265

5
4 (171.41,171.53,171.92,172.16 ppm) -> no —OH possible

Bledvie podeons between 7.5 and 8.5 ppm)
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Basics
XH_ groups

double bond equivalents:
number of >C=0 groups:

number of >NH groups (HSQC):
number of N atoms (from HMBC):

Finally three H are directly bonded to nitrogen and all other proton

signals belong to CH, groups.

> NH
1yl |1

C13H22N4O4
|
5

4(171.41,171.53,171.92,172.16 ppm) - no —OH possible
3 (-NH protons between 7.5 and 8.5 ppm)

4 (one nitrogen atom is not directly bonded to H)

> CH
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Basics

Double bond equivalents
revisited

double bond equivalents:
number of >C=0 groups:

number of >NH groups (HSQC):
number of N atoms (from HMBC):

C13H22N4O4

5
4(171.41,171.53,171.92,172.16 ppm) - no —OH possible
3 (-NH protons between 7.5 and 8.5 ppm)

4 (one nitrogen atom is not directly bonded to H)

There are no sp? hybridized carbon atoms other Were is the fifth double bond equivalent?
than the carbonyl groups. o
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Amino acids m
| A A L

We figured out: se .* 1
e the three doublets with chemical shifts larger 5 ) '
than 7 ppm belong to NH protons. ] 2
 all other protons belong to CH,, groups |— 3
! 3
If we start in a COSY from a NH proton and follow the : ’ v '
coupling path as long as possible we will find chains of ) ' 4
the kind 3| . ‘
—~NH-CH_—CH_ —CH_ - o
'H
6
Because there are three NH protons we should end with
three of such chains. .
To help us keep an overview, let’s label the signals of one ) 8
spin system after the other and remove all signals = i )

already assigned. 80 7.0 601,50 40 30 20 10 ppm
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Amino acids

7.60 )|
. D\ |
The protons with the chemical shifts of 7.60 ppm and Integ ral 1 . 1 3
3.71 pm are neighbours. Please remember, in this
case chemical shifts large than 7 ppm mean NH and . 175 .- . of 1
everything else CH_. In our case according to the ' ) '
integral nis 1. ] 2
The next pair of neighbours are the protons with | 3
the chemical shifts of 3.71 ppm and 1.17 ppm.
Please don‘t forget the integral of 3 for the signal - 3.71 ; . ‘
at 1.17 ppm. : ' 4
j ] ] {]
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Amino acids

7.60
|
N
C !
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¢ H
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71

7.60

All cross peaks beIongITT& to this amino acid fragment, as
well as the corresponding projections, were deleted from
the COSY. This is not agnanipulation of the spectrum, but
was done in the gragphi BLogramAo make the further
evaluation easier.
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Amino acids

8.15 g0
7.60 —
H‘ Integral 1 1 3
_
| 1.02 — [1.02 ,. / 1
— —_ 1.05 :
N N
S \C/ — 2
I—;
1.17 Z ’q 3
H,C H
3.71 — . 4
4505 » e
Two signals at 1.02 and 1.05 ppm are very similar. They are f
easily distinguishable in the one-dimensional proton H
spectrum, but not in the projections of the COSY. If you 6
take an expansion of the one-dimensional proton
spectrum to better recognize the crowded part of the 7
projections, you see that the upper right of the two cross
peaks leads to the doublet at 1.02 ppm and the lower left
8.15 . . 8
cross peak leads to the doublet at 1.05 ppm. = .
80 7.0 6'.01|'_I 50 40 3.0 20 1.0 ppm



Amino acids

Ifl.so
/N\C/
7 I ~

¢ H

1.

=

71

The next connection
is between the
atoms with the
chemical shifts of
4.50 ppm and 1.02

lJ 1.02
4.50

8.15

_ L

The further procedure is the Integ ral 1 1 3
same as for the firstamino 1 7 34/1_02 . 1
acid residue. There is a % — 05 1. /
connection between the Y

protons with the chemical
shifts of 8.15 ppm and 4.50

8.15

8.15
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Amino acids { H 1.02

4.50
8.15
7.60 A
H‘ The mS&é:lprocedure]isOaﬁe Integ ral 1 1 3
same as fof|the fitst §mMlino 1 02 =t
: — 1.02 ..
| acid residu&Thse?e isa é % — 105 . / 1
N connection bgtween the Y
NN S protons wi e chemical E 2
C shifts .15 ppm and 4.50 |—————
117 4 = ppm. | ’q 3
;C H H
450 1.02 450+ E \

The next connection

. C 6
is between the NN
atoms with the N
chmical shifts of 4.50 | [
ppm and 1.02 ppm.
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Amino acids

7.60 450 1.02
H H CH
| 4§

C N
1.17 z |
H,C H
3.71 8.15
1.05 4.70
H3C\ \\\H 8.21 ppm = 4.70 ppm
\N /C\ 4.70 ppm - 1.05ppm
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Amino acids U\ 138
4.00 ‘
1 A |

;60 4.5 102 |nteqgral 1 3
H 9

H, CH,
| 1S 138 | , o

/N\ N /C\ . 2

C N —

A\

117 4 2 | ’% 3
H,C H
3C 3.71 H 8.15 4.00 — . ' 4
1.05 4.70 .
H3C \H There is only one remaining Iy
‘ ~ correlation in the COSY. 5
<., -~
N \C/ i
| 4 8
H H CH,
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Intermediate inventory

I_7|.6o 450 102 we have
| H‘ \\\\C H3 * four double bond equivalents
N C * four carbonyl groups (C,0,)
-~ \C/ ~ N 7N * for CHN fragments (CgH,gN3)
117 ',// | * all fragments together (C;,H,;4N;0,)
3 3.71 8.15 we need
1.05 4.70
H C H e five double bond equivalents
3 ‘ S * molecular formula C;3H,,N,0O,
N ~c~ missing

* one double bond equivalent

H H CH, o



Intermediate inventory missing

60 4.50 1.02 * one double bond equivalent

H H, CH,  c

I{I C Even though there is no spectroscopic evidence yet, we can
NN N L YN speculate a bit about these missing pieces of the puzzle at

C N this point.

7 4 = | . .
H H The last fragment extracted will probably also be an amino
3 371 H 815 acid. An additional >NH group is clearly not present, but

' ' what about an >NCH, group?

1.

=

1.05 4.70
H C H We would then have assigned all atoms, but only
3 ‘ > accounted for four double bond equivalents. The fifth
3 double bond equivalent should be a ring closure.
N /C\ ~_

N C After these speaﬂﬂdrs &hﬂ@rn to serious NMR

| l and assign all carbon and nitrogen signals.
* one double bond equivalent

H H CH3 * CH,N
1.38

8.21 4.00



Carbon atom assignment (l)

7.60 45 1.02 1.38

H H H M 1.17 1.05 1.02
| W&

e N ~ S N, C\

C N 5 [ 16.5

1.17 l z | Let us start with the —
3C H four methyl groups. -17.0
3.71 8.15 17.47 53
- 14 4.70 . | §17-5

Here is one exemple, which
I‘% may be used as a template for L18.0
‘ all four methyl groups.
C -18.5
/ N ~
| lC"/ « [19.0
~
H H CH,

- 5[}
8.21 4.00 138 1.4 1.3 1y 1.2 1.1 1.0 ppm




Carbon atom assignment (l)

|_7|.60 450 1747 102
| H‘ LH,

/N\C/ \N/C\

117 4 2 |

H,C H H

18.89 3.71 8.15
1.05
18.14 4.70 The procedure for the three
H 3C \H other methyl groups is the
‘ N same.
N, YN ~

N
| IC'o,
H H CH,

8.21 400 16.63 1.38

1.38

1.17

1.05

1.02

O

-16.5
-17.0

13C
-17.5
-18.0

-18.5

-19.0

1.4

1.3 1'H 1.2

1.1

1.0

-19.5
ppm



Carbon atom assignment (ll)

1.05

4-50H17.47 L

\ §CH3

N /C\

N

Assigning the next carbon signals
| is the same procedure like in the
case of the methyl groups.
8.15

Let us see one exemple again
and continue with the three 44.62
others without any comment. 44,84
\C P 50.40
53.97

4
H CH,

4.00 16.63 3g

48 46 44 42 40 3.8 36 4 32 30

-30
-35
-40
13C
-45

-50

-55

ppm



Carbon atom assignment (ll)

|_7| 450 1747 __ 102

| H"EH;

44.62
e N /C

20C N

Now let‘s assign the three
remaining carbon atoms
using the same strategy.

Cf397
H o,

400 16.63 138

4. 3.71

M“‘)JMMLJL

g

-30

13C
s 45
44 84' .
50.40 . -50
53.97 -
-55

-40

48 46 44 42 40 3.8 36 4 32 30



Nitrogen atom assignment

7.60 450 1747 102

H H"“CH,
S

122.4] | PP

/N\/ R N

1.05 18.14 4.70  If we repeat the procedure a last
H3C H time, we get the correct assignment

J of all protonated nitrogen atoms.
3
N /C\ ~N
44.84

. 1N (Crs3.97

! 4

H H CH,

8.21 400 16.63 43g

8.21 815 JW.BO

119.8 "

121.1 “

122.4 "

-117
-118
-119
-120
-121
=122
-123

3 15N
-125

84 83 82 8.1 8.0 1|'_| 78 7.7 76 7.5

‘ppm



Nitrogen atom assignment

|_7|'60 450 1747 __ 102
H £Hs
122.4| ‘ s
N 44.62
SN N YN
50.40 C N
117 l ",/ 119.8| Excluding very unlike
C H four bond correlations,
3 there is only one
18.89 3.71 8.15 s .
position possible for the
1.05 1314 4.70 nitrogen atom with the

chemical shift of 124.3

N ppm.
‘C‘\ 124.3|
N Er N _#
1211N 44.84 C,53 o
v d
8.21 4.00 | 16.63 3

And our fourth
nitrogen atom?

€

~ Jl N | S

1.38

U

\ 14 /15N-HMBC

119.8

121.1

122.4

124.3 |

117
118
119
120
121
122
123
15
125

34 30 26 22 1|'_|

1.4 1.0

d6ppm



A ,forgotten” methyl group

There was one remaining cross
peak in the HSQC ...

7.60 4 1747 1.02

L£H3

44.62

.SOH
122.4| ‘

Inte-

g

30.20
50.40
., The proton signal is a
1.17 l ~ 119.8| ) .
' - singlet and there is only
H3C H one position for the group
18.89 3.71 8.15  to keep the singlet.
105 1814 470 30.20 =29

H 3C\ SH 124.3C|3H3

~ o N
.8
121'1N 44.84 C’,53.97
i 4 % h
8.21 4.00 16.63 3

1.38

This is clearly a methyl group

30.20 =2.9

CH,

48 46 44 42 40 3.8 36 4 32 30

gral
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Inventory again we have

7.60 1.02
H 4'50H17-47C H * four double bond equivalents
19 4 | ‘ \\\\ 3  four carbonyl groups (C,0,)
' N C 44.62 * for amino acid fragments (C4H,,N;,)
7N A7 S~ * all fragments together (C,;H,,N,O,)
N 1377227 %4~ 4
50.40 C
) Cl 1 o we need
3 18.89 3.71 8.15
105 1514 470 3020 2.9 * five double bond equivalents
H C H C H * molecular formula C;53H,,N,O,
3 ‘ \\\ 124 3| 3 No atom is missing anymore. We have eight open bonds
C ' coming from the carbonyl groups, 8 open bonds at the amino
™~ /44 84\ s N ~ S acid fragments and we still need one double bond equivalent.
N 4 Cs3.07
1211 - The solution is easy: We have to place the carbonyl groups
e
H H C H between the amino acid fragments resulting in a ring. The ring

3 is the last missing double bond equivalent.
8.21 400 16.63 ;3g



Inventory again we have

Finally we have to end with this molecule. * four double bond equivalents
 four carbonyl groups (C,0,)
O e for amino acid fragments (CoH,,N5,)
9" 722" %34
Me ”  all fragments together (C,;H,,N,0,)
1377227 %4~ 4
/C\H/Me
CH-N C
/" H | we need
O=C HN
\N —Me \ * five double bond equivalents
| H /C=O * molecular formula C;3H,,N,0O,
/CH _ N—CH No atom is missing anymore. We have eight open bonds
Me \C \ coming from the carbonyl groups, 8 open bonds at the amino
” Me acid fragments and we still need one double bond equivalent.
O

The solution is easy: We have to place the carbonyl groups
between the amino acid fragments resulting in a ring. The ring
But what is the order of the amino acids? is the last missing double bond equivalent.



171.92 ppm / 3.71 ppm
171.92 ppm / 4.50 ppm

1.02 L
-171.2
| |F171.4
’ -171.6
171.92 e
. L
-172.0
1.05 1814 470 3020 =29 |
H C H C H . -172.2
3 ‘ S 3 |
3 124'3| According to the signal at L 172.4
N /4%4\ - N ~ 171.92 ppm is adjacent to two C-H protons: _ e
N Cs3.97 |
121.1 | l 3 3.71 ppm -
- 4.50 ppm | :
H H CH3 ~-173.0

rrr——rorrrrrror
8.21 400 1663 43g 80 7.0 601,50 40 30 20 10 ppm



Carbonyl groups

60 O

H3(1:8 89 I__! 71

18.14 4.70

4.5 17.47

'HYCH,

AYE

4.00

44.62

16.63

171.92 ppm / 3.71 ppm T
171.92 ppm / 4.50 ppm

1.02

171.92

138

i

The consequence for the linkage of the
two amino acid building blocks seems
logical.

-171.2
] 1714
L1716
L1718

-172.0

. -—172.2

-172.4
| 13C

-172.8

~-173.0

8.0 7.0 6.01H 5.0 40 3.0 20

1.0 ppm



Carbonyl groups

7.60 4.50

H O H17 47CH %X

N
122. 4| 171. 92” ‘ ?\\44 .
5040 C .
: /
H.C H
18.894 3.71 8.15
even more than 4 bonds

195 1844 470 30.20 =2.9

CHj,
& C\ e\H oiE|

119.8|

400 16.63

171.92 ppm / 3.71 ppm T
171.92 ppm / 4.50 ppm

171.92 ppm / 1.02(5) ppm
|

4 bonds

171.92

138

1.05

450 3.71 1.02
AA | ~
-171.2
i (I | -171.4
l |
| ‘ ’ -171.6
But what about this cross peak? '
-171.8
I (I '
-172.0
| oo |l i72
Because of two very close proton signals _ 172.4
there might be two possibilities: .
171.92 ppm / 1.02 ppm - °C
171.92 ppm / 1.05 ppm | | 1728
Both possibilities seem to be unlikely. :
-173.0
8.0 7.0 6.014,50 4.0 30 20 10 ppm



Carbonyl groups

7.60 45

H O

122.4| 171. 92”

17.47

H CH,

44.62

117 l . 119.8|
H,C H
18.89 3.71 8.15
105 1814 470 30.20 =2.9
H,C, H CHj,
‘C\\ 124.3|
SN s N

8.21 400 16.63

171.92 ppm / 3.71 ppm TT 1.05

171.92 ppm / 4.50 ppm 450 3.71
171.92 ppm / 1.02(5) ppm
|

171.92

138

C -~
~

What about switching the two amino acid
fragments?

Let us try!

-171.2
] 1714
L1716
L1718

-172.0

. -—172.2

-172.4
| 13C

-172.8

~-173.0

8.0 7.0 6.01H 5.0 40 3.0 20

1.0 ppm



Ca rbony(!zg;gou ps

17.47

30.20 =2.9
CHj,

124.3|

H CH,

4.00 16.63 439

171.92 ppm / 3.71 ppm
171.92 ppm / 4.50 ppm

171.92 ppm / 1.02(5) ppm
|

~ T 1.05
450 3.71

-171.2
-—171.4
-—171.6
-—171.8
-—172.0
-—172.2
-—172.4
e

-172.8

8.0

7.0

6.01H 5.0 40 3.0 20

~-173.0

1.0 ppm



‘ 171.92 ppm / 3.71 ppm ~~ 105

Carbonyl groups 171.92 ppm / 4.50 ppm 450 3.71 1.02
7.60 . .

450 1747 102 171.92 ppm / 1.02(5) ppm A\J / |

H L , _
HCH .

| 171.2
. /C 44.62 N\ P |
soua ‘ (I | | |F171.4
119'8| o 92” l E ' ) ' L1716
8.15 O H Clg 39 I_3I, 71 171.92 ' -171.8
I Vo '
105 1814 470 30.20 =2.9 i

CH ' ' ' | (Fa722
: C‘ \H 1243| |

C Let us check our already found three -172.4
N N /44 84\ P N \C/ correlations step by step. I 150

. 53.97 |
2t d three bonds v Py

H H CH,

reeroor Tt ro o r o r
8.21 400 16.63 138 8.0 7.0 6.01H5.O 40 3.0 20 1.0 ppm




Carbonyl groups I 1752 ppm / 4.50 pprm

1.02 7.60 171.92 ppm / 1.02(5) ppm

4.50  %7.47
H “CH, H — | -
\| :‘44 62122.4 1712
~. L N |
N 92C 50.40 i b . | -171.4
1193 2] ﬁ7 Cl ’//H | ;. 1716
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105 1814 4.70 3020 =2.9 I D . Rl
HBC‘ \\\H (i:HB _—172.2
C 124.3 Let us check our already found three -172.4
N N /44.84\ - N \Céw correlations step by step. i 130
121.1| d ,,// two bonds v 1728
H H C H3 [ 173.0
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Let us check our already found three
correlations step by step.

three bonds v
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There are further pieces of information that
are consistent with our structure.
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There are further pieces of information that
are consistent with our structure.

three bonds v
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Carbonyl groups
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Carbonyl groups
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We already used two of the cross peaks. Let us
extract the chemical shift pairs of the
remaining six cross peaks step by step.

-—171.2
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-—171.6
-—171.8
-—172.0
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e
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Carbonyl groups
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Carbonyl groups
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We don‘t need any further information from
the HMBC. There are still three unassigned
carbonyl groups. Let’s use these six
correlations to complete this assigment.
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Carbonyl groups
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Carbonyl groups
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Carbonyl groups
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already known dipeptide fragment.
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Carbonyl groups
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' - : ' e chemcial shift of 121.1 ppm together.
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Carbonyl groups
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<xt coorelation is over three bonds, as soon
.> we attach the carbonyl atom with the chemical
shift of 172.16 ppm and the nitrogen with the
chemcial shift of 121.1 ppm together.
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Carbonyl groups
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Let us continue.
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Carbonyl groups
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Carbonyl groups
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There is only one way to insert the last carbonyl group and to close | | t71.0a

the ring.

Nevertheless let us check, whether the HMBC signals found earlier are O
in coincidence with this ring closure.
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The last unassigned HMBC cross peak becomes explained by ring closure
between the two open ends of this linear molecule. O

C
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Carbonyl groups

30.20 =23 1.02 7.60 1.05

CH O 450 17.47 H O 18.14 4.70
1243| 17153” H‘ :CI_1|224| || H3C\ \\H

/N\ /C\ /C4462 N\ /C17216(S)C\ -

Cssoz N C 50:40 44.

4 ’// 1198| 17192” IC/, 1211|\|I (”:17114
H CH
4.007 1663 1§8H 8.15 C)H?’Cl:ssw I_.!,71 8|‘2|1 O

And now let us beautify everything a little bit.
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Carbonyl groups
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Final structure
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4.50 H‘ \(: H3

C)\\ 1198/C O
‘o 17153 C—[N ™ 4462 C17192
H//,,C/ H s 760 | 1224
w5397 9 HN >
H C1:663 N/CH \ /H

30.20 5040C/
/
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Only the constitution, but not O/ C 1211 \\
the chirality (correctly stated \ 1.05 O
here) can be derived from the H C H
HMBC/HSQC data.
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