Problem of the Month:
December 2020

Solution



The following description will guide you through the analysis of
the December example. An animated version may be found here!

If available, in most cases the HSQC is an ideal point to start a
structure elucidation.

The evaluation of an HSQC is a bit like picking out the right Lego bricks
from the big box.


https://view.officeapps.live.com/op/view.aspx?src=https://www.nmr.tips/POTM/2020/12/Web/e/ppt/S/S.pptx
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And finally, several building blocks containing sp?
and sp3 hybridized carbons can be identified. 5-8§N 5-26M 5.17 4'021
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To connect the structural fragments into the right

order, we need the COSY. N
Fortunately, two substructures may be constructed W J“ 1 I ‘
L] L

completely independently of each other. :
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According to the COSY no other CH, group can be attached to this allyl
group. The only choice from the molecular formula is an oxygen atom.
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To connect the remaining three structural fragments we need the
high-field part of the COSY. Different colours are used to label the
protons within the fragments.
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We see one correlation between the protons at 3.13 and 3.38
ppm and a second correlation between the protons at 3.13 and

3.70 ppm. Both correlations tell us about the same connectivity.
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We see another correlation between the protons at 3.13 and
2.77 ppm and between the protons at 3.13 and 2.59 ppm. Once
again both correlations tell us about the same connectivity.
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Now we have four building blocks.

H
iy /
H\ Cc—0
C=C + -0-
+ double
H H bond equivalent

1. The two substructures just deduced

2. From the molecular formula, the
remaining fragment must contain:

- One double bond equivalent and
- One oxygen atom
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Only two final structures are possible. H 43
H—C/ HC /C\
H//I,,_‘I / /O \ /

H Cc—0O 4 >
r=d — H H
/7 A

+ double H O H

H H bond equwah 2/ \3
3y a ST
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Only two final structures are possible.

In the case of the upper structure we would expect five
carbon signals only due to partial symmetry.

But our happiness is not complete. So far we
cannot determine the assignment of the two
methylene groups beyond any doubt.

For further work, let’s intentionally start with the
wrong assignment in order to determine how to get
the correct assignment.
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Solution structure

(with some intentionally wrong assignments

/ / >
Please note the center of chirality at the carbon with H_C P_C'l/,/
a chemical shift of 50.70 ppm, which means that all \\ ‘ H
protons are chemically different. C—C' H
This is equally valid for the protons with the apparent / ‘ 7, 3
chemical shift of 4.02 ppm. H H H :
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The analysis of the homonuclear coupling
constants and the correct assignment

A basic consideration about the multiplet structure

Due to the center of chirality there are no equivalent
protons in this molecule. As a result, every coupling
pattern without any exception - completely
independent of its apparent structure - can only be a
doublet, a doublet of doublets, a doublet of doublets
of doublets, ....

Each multiplet consists of 2, 4, 8, or generally 2" lines of

equal intensity. Deviations from this general rule can only
be explained by overlapping lines.
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The multiplet comes from NN

these protons.

But ...

There is a perfect quartet (with the same fine
structure for each of the four lines) visible at
about 4 ppm.

That’s not possible! (see the explanation just given)

What might be the real structure of this
complicated multiplet?
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5.17 z / \ N
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Apparently the chemical shifts of the NN NN

black and the green labelled proton
are not too different, which means,
we expect an AB system as base
structure for these both protons.

The protons labelled in black and green are
chemically different. We expect different chemical
shifts for these protons.

The signal of the black labelled proton should
appear as a doublet (about 12 Hz) of doublets
(about 7 Hz) of doublets (about 1 Hz) of
doublets ( about 1 Hz)

The same is true for the green labelled proton
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3.13 H O H 370" Letusstartto analyze the B part first according to the first

5.17 /’1 / \ s‘\ order rules.
H 50.70C_ 70.68 Of course, we introduce some errors using this method.
0 117%43/ 44_23C \H .
"’// We can recalculate the chemical shifts of both
526 N\ 72.17/1 I 'H . _
e geminal protons according to the AB rules, as soon
. /C C., H 2.77 as we know the coupling constant between both
H 259 protons.
=
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And finally, having all chemical
shifts and coupling constants, we
can calculate the whole spin
system and estimate the error
made by using the first order
rules.
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ssH QO H 3
Z/\*S

50.7}C—

protons according to first order rules gives 4.00

~2406.59
—2405.34

/ ‘ > H 2.77 (6=
2.59
5.88 H H H
4.02 4.00
4.04 03
00 ©
[@Ne]
I
The calculation of the chemical shifts for the AB RN
|

and 4.04 ppm respectively.

Remember: These values have to be recalculated,
as soon as the coupling constant between these
protons is known.
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4.00 ppm

ssH QO H 3
Z/\*S

—2395.4
~2394.1
~2393.8
—2392.61

ot oY Ot DL
P Re L ES)
w0 O © L0 N oo
000 ofeRege)
NV I IO
NN NN NENENEN
N N

Multiplet B is a doublet of doublets of doublets of doublets. | I

The easiest way to start the analysis (as mentioned
before according to first order rules) is to extract the
smallest doublet coupling constant first. |
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3.13 H/ O
Z

For the largest coupling, the average over all 8
frequency differences this time is

J; =12.74 Hz
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Of course, it is not necessary to draw the coupling tree again and again.

After some time, you should have found a simple rule. If all lines are well
separated, which results in 2" lines and you label all lines with consecutive
integer numbers, then you always get a valid coupling constant if you select two
lines and the difference of the indices of these two lines is a power of 2.

As an example, between the lines 3 and 11 you can measure a coupling constant,
because 11 — 3 is 23. Another valid coupling constant might be measured
between the lines 3 and 4 (4 — 3 = 29), whereas measuring between the lines 6
and 3 returns nonsense.

In the case of overlapping lines pattern recognition is a little bit more
challenging.
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ssH O H 3
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Repeating the whole procedure with the A
part of the multiplet finally we end up with
8 coupling constants.

Some of them are easily to assign to be
geminal or vicinal coupling constants.

Some of the coupling constants remain
unassigned for the moment. Of course
this must be long range coupling
constants to the olefinic protons at the
end of the molecule.



vy =5.88 ppm

313H O H 3.70
2 N

5.17 / \
H 270 —C s
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H=C ., P~ ¢ s
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1.26 Hz B O Db B DD oo
| RN R YARYERY

—3516.73

The multiplet of the olefinic methine proton with a chemical
shift of 5.88 ppm seems to show a triplet substructure.

Of course this has to be a doublet of doublets with two very
similar coupling constants. If we measure the sum of these
coupling constants from the real multiplet, we get 11.32 Hz,
which is very close to the expected value.
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vy =5.88 ppm

ssH O H 37
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The pseudo triplet structure is visible within the multiplet four
times.

After collapsing the four pseudo triplets we end up with four lines with
identical intensity, which are clearly a doublet of doublets.
From this doublet of doublets we can extract two coupling constants.
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vy =5.88 ppm
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2/ \3
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‘ 5 | \ N/ 4 W4 N/ \ |
10.40 Hz and 17. 23 Nz are easily assigned Z and E coupling

constants.
The multiplet of the proton with a chemical shift of 5.17 ppm should

be a dddd, containing a geminal coupling constant (?) to the
neighbour proton with a chemical shift of 5.26 ppm, the coupling
constant of 17.23 Hz and two long rang coupling constants between
1.25 Hz and 1.60 Hz. Let us check.
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3. 13H O H 3.70 5.17 ppm
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H 50.70 —C\70-68 J=10.40 Hz
117.24/
H—C /1723 44_'23(:’ H 3:3s
5.26 72 17 /C) Ki
| 1

2.77

10.40 Hz 5.7 J=1.25Hz
f-‘\ 259 N

5.88
i 61HE 400 J=1.26 Hz
5.614.04 12.75 125H; ' © AN O © NN O~ N
O OMLUOHO O <O HO <+
1.59 Hz > ~~ GO < 0 SO O15
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Analyzing the multiplet at 5.17 ppm we get the geminal coupling
constant of , the already known long-range coupling
constants of 1,25 Hz and 1.26 Hz from the methylene group
resulting in a pseudo triplet and finally a coupling constant of 10.40
Hz, which clearly is a E coupling constant.

We have to reverse the assignment of two olefinic protons!
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5.26 ppm

313H O H370
2/ \3

50.70 C 7068 J=17.23 Hz

117 44, 23
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- X

Finally, for the proton at 5.26 Hz we should observe a dddd with
the coupling constants of 1.74 Hz, 17.23 Hz, 1.59 Hz and 1.60 Hz.
Because of the nearly identical values of 1.59 Hz and 1.60 Hz,
these couplings would appear as a pseudo triplet.

& peak picking by
line shape
analysis

Let us try.

=
=
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313H O H370
2/ \3

50.70 C 70.68
117 44, 23

17.23 Hz /C) ., H 3.38
/,
5 17 72 17 ‘ ”H

174H 526

77
10.40 Hz }_‘\ 2 59
5.88
. H S~ H 4 4.00 to
0 5.614.04 Hj 1.25 Hz 5.26
> N— 1.59 Hz 7 JPPM
pPpm 1.26 Hz

1.60 Hz

The allyl part of the ether is now fully
analyzed.

For the sake of clarity, it is now useful to
remove all pieces of information collected so
far, except for the chemical shifts of the
protons in the glycidyl part.
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0.32 Hz

3.70 3 0K H
wh Q8

H C—C The multiplets of the protons with chemical shifts of
/ / \ 3.70 and 2.77 ppm, respectively, are cleary doublets of
H_C _C H 3.38 doublet of doublets. Extracting the coupling constants
\ P “ly resultsin 0,32 Hz / 3.08 Hz / 11.45 Hz and 0.28 Hz /
\ i 'H 4.14 Hz / 5.05 Hz, respectively.
/C C" H 2.77 Although the coupling partners are, as yet, unknown,

/,
‘ 7/ .
I I 2.59 0.28 Hz the wrong assignment of the methylene groups is

4.14 Hz clearly visible
5.05 Hz y '

The coupling constant between two geminal
protons arranged at an almost ideal tetrahedral
angle should be 10 ... 14 Hz. We expect near
tetrahedral geometry for the methylene next to the
linear ether linkage, but not for the methylene that

is part of the epoxide ring (ring strain).
Let us reverse the assignment of both P P g (ring )

methylene groups (of course including the Such a coupling constant is part of the multiplet of
carbon signals not shown here). the proton with the chemical shift of 3.70 ppm, but
not of the multiplet seen at 2.77 ppm.
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/C—‘C.
H H

A\

7/
,/H 3.38

~ 0.28 Hz

H 2.77 4,14 Hz

O
/4‘\&\\?\\ 5.05 Hz
\< O
H 259
H

3.13

3.70
0.32 Hz
3.08 Hz
11.45 Hz

The proton with the chemical shift of 3.13 ppm should appear
as a doublet of doublets of doublets of doublets. The values
of all four vicinal coupling constants should be of comparable

size.

There are only 14 of 16 lines visibles. Two pairs of lines are

superimposed by chance.

How do we extract all four coupling constants?
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0.28 Hz

3.13 2.77 4.14 Hz
H’/,' /O\ \\\H 5.05 Hz

\
LR PNV Ve
/ d “ 23 032Hz
H H H 3.08Hz ;- ) 70 Hz

11.45Hz
o O AN O O O O LW o IO <
I SO o AN N YO ™
N 00 nwn m AN 1O OO 00 O LW N
I © 000 0 0 0O MNN~ M~ NN N~
o0} 0O 0O 0O 0O 0000 0000 00 O 0O O (00}
— 1 — A A - — —
The first coupling constant of 2.70 Hz is easy to extract. | tEa I L a R |
Now we have to look for alltogether seven further pairs of
lines with a frequency difference of 2.70 Hz. -

Let us do this boring job.

And we don‘t forget the multiplets with overlapping lines.
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0.28 Hz

3.13H O \H 2.77 4.14 Hz
N

5.05 Hz

H C—C J=5.81Hz
/

...continued for all couplings.

»
H 259

3.70 J=3.10 Hz
0.32 Hz
3.08Hz ;-9 70 Hz
11.45 Hz
o ON O
— NSO o
N 00 0w o™
T oo 00 00 00
e 0] 00 00 00
T T
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—1876.49
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— 0.28 Hz
313H O*PH 277 7

Z / \HZ\ 5.05 Hz

/ 7
4 /H 338 0.32Hz
H H 3B =) 70 Hz
11.45 Hz

o [@Xq\|

- N Q

N 0 [TpNTg]

I 00 O

(0] 00 O

Now we can assign two coupling constants unambiguously. \ \ /

The couplings constants of 2.70 Hz and 5.81 Hz remain
unassigned so far. ‘ )
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—1883.96

— —1882.30

3.13 ppm
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2.70 Hz — 0.28 Hz
5.81 Hz 313H O4H125H 2.77 5.05 Hz
\

1/\

C_C.,, |£| H3.7o

338 0.32 Hz

H H H ' 11.45 Hz

The multiplets of the protons with the chemical shifts of 3.38
ppm and 2.77 ppm, respectively, look like doublets of doublets
with some additional fine splitting.
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2.70 Hz

0.28 Hz

~
5.81 Hz 313H O4H125\H 2.77 5,05 Hz

Z/ \'3
/H C—C

5.06 Hz
H=G P—Cave Heamn
L 7H

\

cC—C. 3.70
/ d 7 0.32H
3.38 - B
H H H 11.44 1, 11.45Hz

5.83 Hz

Let us analyze the doublet of doublet structure first.

J=11.44 Hz

J=5.83 Hz

—2034.38
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— 0.28 Hz
313 O 4151 2.77

3.38 ppm

C—C. Hr 370 J = 11.44 Hz
H QH H | J=5.83 Hz

—2034.38
— —2028.56
—2022.95
—2017.11

Now we can complete all geminal and vicinal coupling
pathways.
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0.28 Hz |
4 151 1 2.77 A pp/l\
3.13
’ HZ\

/H > 82 3.38 ppm /\
H—C 309 > 71H 2.59 J=271Hz

C— ., H*-/ 3.70 J=11.44 Hz

D

— — 1557.80

— — 1555.10

— 1552.74

— — 1550.02

H H H | J=5.83 Hz

Analyzing the fine splitting of these both multiplett will
allow the analysis of the four bond coupling constants.
We already found two such coupling constants but

don‘t know the coupling pathway so far. |

—2034.38
— —2028.56
—2022.95
—2017.11

For clarity let us delete all geminal and vicinal coupling
pathways deduced so far.
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0.28 Hz

3. 13H O H 277
H =
/ / \I_‘I 2.5é ./ +./b
H—C /O—C',,,, * 0.59 Hz
\\ ‘ H ’....v
C_C., H 3.70
/ 4 ’/H 333 032Hz
H o A

Let us visit the multiplet at 2.59 ppm first. The fine
structure seems to be a triplet, but due to the lack of two
equivalent protons anywhere in the molecule, this has to
be a doublet of doublets.

We are not able to get the coupling constants of both

doublets separately, but we can measure the sum of
both doublet coupling constants.
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J,+J, =
0.59 Hz

2.59 ppm
3 NI
2 X
9 9

1555.37
1554.79

J,+J, =
0.58 Hz

1553.05
1552.43

062H

1550.02

1550.34
1549.75

J,+J,=
0.59 Hz



0.28 Hz

H_C\\ /C)_(‘: 2.59 ppm
C—C., iH
2 AR 2 S S S

1558.09
1557.50
1555.37
1554.79
1553.05
1552.43
1550.34
1549.75

There are two protons four bonds away.

One coupling constant (0.32 Hz) is already known from
the analysis of another multiplet earlier done. J

da + 'Ib = _I + _I - 'Ia + 'Ib =
_ , 0.59Hz @2 "~ (062Hz @
As a result the second doublet coupling constant is 0.27 Hz. 0.58 Hz 0.59 Hz

J,o+J, =
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0.28 Hz

3.38 ppm
o0 <o} Lo —
™ N o —
< e8] AN N~
(90) [aN) [aN} —
o o o o
(q\] N (V] (V]
|

Let us try a prediction.
One coupling constant is unassigned so far (0.28 Hz) and only
one proton multiplet (3.38 ppm) not analyzed in detail so far.

The coupling constant of 0.28 Hz has to be part of the fine
structure inside the multiplet structure of the proton at 3.38
ppm. There is no other choice.
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The fine structure of the multiplet once again is a
pseutriplett and in fact a doublet of doublets. The sum of

both doublet coupling constants should be 0.55 Hz( 0.27 Hz
+0.28 Hz)

Let us try ...

© Dr. Rainer Hael3ner, 2021

a

0.57 Hz



Everything finished now?

Almost.

We had determined the chemical shifts of the methylene
group protons as part of the allyl group according to first
order rules.

How erroneous are the values determined in this way?



Using first order rules we get two chemichal shifts of
4.0393 ppm and 3.9951 ppm, respectively. Four digits
are necessary here as you will see.

The result — only one multiplet of the whole spectrum
is shown here —is good, but not perfect.

UUUUU

UM MU
NI

Experimental proton multiplet at about 4 ppm

If we take the analytical solution for an AB system

(see nearly any textbook) to calculate the chemical shifts
of 4.0366 ppm and 3.9978 ppm, respectively, we get
perfect coincidence between measurement and

simulation.
Please note the very small differences between first

order and AB calculation.

MR
R RN

Experimental proton multiplet at about 4 ppm
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Summary

To summarize all pieces of information extracted from the NMR spectra of this
molecule in one slide doesn‘t seem to be a good idea.

Even the distribution of all values over 5 slides results in a “just about acceptable”
information density.



All chemical shifts [ppm]

(The assignment of the methylene proton chemical shifts might be
reversed in each case)

ssH O H 277
Z/\S

H 50.700,—(C 44.23
117.24/ 70.68 /C C\
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Geminal and vicinal coupling constants in the allylic
part of the molecule [HZz]

H O H
Z /_\ S
ﬁ/H /C C\
H—C /723 _Cw,, H
\ A 'H
10.40 / }J\ H

\qu
5.61 12.75
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Four bond coupling constants in the allylic part of the
molecule [Hz]

1.60
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Geminal and vicinal coupling constants in the epoxy
part of the molecule [HZz]
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Four bond coupling constants in the epoxy part of the
molecule [Hz]
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