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4.12: Constructing Partial Structures in NMR Spectroscopy and Combined Structure
Determination
When you look at an IR spectrum, you immediately see little chunks of the structure, because you see individual bonds. You know
at a glance that the compound contains a C=O bond or an O-H bond. That can be very reassuring, because you can quickly imagine
what you are dealing with.

NMR spectra often take more work. You may have to put pencil to paper to come up with a structure. The work pays off, because
you can get a much more detailed picture of the structure.

Let's start with a C NMR spectrum. Suppose you had peaks in the spectrum at 200, 35 and 15 ppm. We might assign these three
peaks as follows:

shift (ppm) partial structure

200 sp  C=O

35 sp  C-C=O

30 sp C-C=O

15 sp  C-C

We are saying that the first carbon is in the sp  or trigonal planar region, and that it is so far downfield because of a double bond to
oxygen. The other two carbons are in the sp  or tetrahedral region. One of them isn't very far downfield; it is probably just attached
to another sp  carbon. The other two, at 35 and 30 ppm, are both a little further downfield. That's around the right place for a
tetrahedral carbon attached to a trigonal planar carbon; that is, these carbons are each attached to either a double bond or a
carbonyl.

In the partial structure, we always bold or underline the carbon that corresponds to the peak we are discussing. If you don't do that,
it isn't clear whether the peak at 30 comes from a carbon next to the carbonyl (C=O), or the carbon in the carbonyl itself. Also, on
the peak at 15, we want to make clear that we are talking about a single carbon atom; leaving the partial structure as C-C somehow
implies that this spectroscopy observes bonds, but it does not. IR spectroscopy observes bonds. C NMR spectroscopy observes
carbon atoms.

Now, suppose we look at the H NMR spectrum for the same compound. Maybe we see three peaks this time. There is a quartet
integrating for 2H at 2.3 ppm, a singlet integrating for 3H at 2.1 ppm, and a triplet integrating for 3H at 1.1 ppm. We enter those
characteristics in a table. This time, there are three features to explain for each peak.

shift integ. multipl. partial structure

2.3 2H quartet CH -CH -C=O

2.1 3H singlet CH -C=O

1.1 3H triplet CH -CH2

First of all, we need to explain the shift. All of these peaks are in the upfield end of the spectrum (below 5 ppm), so they are likely
from hydrogens on sp  or tetrahedral carbons. The first two are slightly downfield, just past 2 ppm. That suggests that the sp3
carbons they are attached to may in turn be attached to sp  carbons: either double bonds or carbonyls. We already know there is a
carbonyl from the C spectrum, so let's assume that's what is causing the shift near 2 ppm. The third peak, at 1.1 ppm, is in the
normal range; this hydrogen is on a tetrahedral carbon, likely attached to other tetrahedral carbons.

To demonstrate what the integration is telling us, we just show the correct number of hydrogens. There are two hydrogens
responsible for the peak at 2.3 ppm. Three others are responsible for the peak at 2.1 ppm, and another three give rise to the peak at
1.1 ppm.

Finally, we need to explain the muliplicity. The peak at 2.3 ppm is a quartet, so by the "n+1" rule it must be next to a CH  group.
The peak at 1.1 ppm is a triplet, so it must be next to a CH  group. (It does not take long to figure out that these two peaks represent
hydrogens that are next to each other.) Finally, the peak at 2.1 ppm is a singlet. It has no hydrogen neighbors at all.
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Notice we do not need to know what the structure is in order to fill in these partial structures. We are just writing down what the
data is telling us. From there, it isn't very far to determine the overall structure.

Fill in partial structures for the following peaks.

a) 10.1 ppm, 1H, triplet b) 3.4 ppm, 1H, septet c) 7.3 ppm, 2H, triplet

d) 5.4 ppm, 1H, quartet e) 1.4 ppm, 2H, sextet f) 8.0 ppm, 1H, singlet

g) 2.1 ppm, 3H, singlet h) 6.8 ppm, 2H, doublet i) 0.9 ppm, 6H, doublet

Answer

Aromatic (benzene etc) peaks are labeled "Ar" to distinguish from alkene peaks that show up further upfield (lower shift).
Also, some peaks may be in two symmetric positions and are labeled with "x2".

a) 10.1 ppm, 1H, triplet, CH -CH=O b) 3.4 ppm, 1H, septet, O-CH(CH )

c) 7.3 ppm, 2H, triplet, CH=CH-CH x 2 (Ar) d) 5.4 ppm, 1H, quartet, CH -CH=C

e) 1.4 ppm, 2H, sextet, CH -CH -CH  f) 8.0 ppm, 1H, singlet, C=CH-C (Ar)

g) 2.1 ppm, 3H, singlet, CH -C=C or CH -C=O or CH -N; need context to choose

h) 6.8 ppm, 2H, doublet, CH=CH-C x 2 (Ar) i) 0.9 ppm, 6H, doublet, CH-CH  x 2

Identify the errors in the following partial structures:

a) 3.6 ppm, 2H, triplet, CH -CH  b) 2.1 ppm, 2H, singlet, CH -C=C

c) 7.4 ppm, 2H, doublet, CH=CH -C d) 1.8 ppm, 2H, quintet, CH -CH

e) 7.8 ppm, 1H, triplet, -CH=CH  f) 1.7 ppm, 1H, nonet, NH -CH(CH )

Answer

Identify the errors in the following partial structures:

a) 3.6 ppm, 2H, triplet, CH -CH  the first carbon must be attached to O to have a shift at 3.6 ppm

b) 2.1 ppm, 2H, singlet, CH -C=C the integral says only 2H, not 3H

c) 7.4 ppm, 2H, doublet, CH=CH -C the shift implies aromatic, so there can only be one H per carbon; must be symmetry

d) 1.8 ppm, 2H, quintet, CH -CH  there can't be four hydrogens on one carbon; must be some hydrogens on each side

e) 7.8 ppm, 1H, triplet, -CH=CH  the shift implies aromatic, so there can only be one H per carbon; must be one one each
side

f) 1.7 ppm, 1H, nonet, NH -CH(CH )  an attached nitrogen would shift this hydrogen past 2 ppm; also, coupling is rarely
seen across O or N, so the two neighbouring H on the left are probably on a carbon.

There are a many ways we can use NMR spectroscopy to analyse compounds. One common application is in determination of an
unknown structure. Given the MS, IR, C and H NMR spectra, what might be the structure of an unknown sample?

It is often easiest to start with the IR spectrum.

identify at least three peaks in the IR spectrum. Which peaks seem to tell you the most information about this compound?
don't think with your head; think with your hands. Write down ideas on the spectrum.
if you are working on a formal proof of structure, on a class test or a lab report, you may be required to enter your data in a
table correlating wavenumber with peak assignment:

 Exercise 4.12.1
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For example, a student might obtain the following IR spectrum.

From that information, she constructs the following table. She might even write this table, by hand, directly on her spectrum. She
makes useful notes on the edges, and might even include some guesses, which she later crosses out, but does not erase. She is
assisted in this task by consulting an IR table, that suggests what some of these peaks might mean.

Remember:

make special note of what atoms are present in the compound: C, H, N, O...
also note your initial ideas about specific functional groups that may be present.
if you are unsure of an assignment, put a question mark beside it to signal this uncertainty.
some data may need to be discarded later if it is not consistent with other data.

Look at the C spectrum.

How many different carbons are there, based on the number of peaks in the spectrum? This is the first step in estimating the
molecular formula.
Do you have reason to believe there is symmetry in the structure? In the entire compound or just part of it? Adjust the number
of carbons you think you are dealing with.
As in IR spectroscopy, begin assigning peaks, either on the spectrum or, if required, in a table:

-1
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For example, a student might obtain the following C NMR spectrum:

From that information, she puts together the following table:

Remember:

you will be able to assign all peaks in the NMR spectrum, not just a few like in IR.

As in C NMR, you should be able to assign all peaks in the H NMR spectrum. You may be able to do so by making notes on the
spectrum. If you think you know the structure, you may be able to draw it and note which peak belongs with which proton.

A formal proof of structure might require a table of assignments.
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This table demonstrates your ability to read the spectrum. Can you decide what ratio of protons is suggested by the integral
line? Can you decide whether a peak is a quartet?
The partial structure column should explain the shift, integration and multiplicity for the peak in that row. It should not show
any other information from elsewhere in the structure. This restriction forces you to demonstrate a thorough understanding of
the data in a way that "getting the right answer" does not.
The partial structure column is best filled in with drawings, not words. The drawing is a partial structure.
Because the partial structure will show the protons absorbing at the shift in that row as well the neighbouring protons, you need
to distinguish between them in your picture. Most people circle or underline or make bold the protons that show up at the shift
given in that row.
When finished with the partial structure column, you should be able to link the partial structures together to make an entire
structure in the assignment column.

An example of a spectrum and its accompanying data table is given below. Here is the spectrum:

Here is a data table:

Things to note:

This student has used two integration columns instead of just one.
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The first column shows the integral measured from the spectrum. She probably used a ruler.
The second column, which she called int(n), contains a convenient ratio taken from the raw data. This ratio is easier to use in
her assignments.
Also note that the peak at 9.7 ppm does not have a very good integral. There is either a "phasing" or a "level & tilt" problem
here that can be corrected using the NMR software, but this is sometimes difficult to do. If she had taken an automatic printout
of this integral measurement, she would have gotten a strange number; in this case, it would be about -5, because the end of the
integral line is lower than the start. It clearly isn't a negative number of hydrogens, though. She has instead measured the
vertical rise in the integral and recorded that; it isn't perfect, but is a fair estimate in this case.

There are a couple of additional tools that can help to confirm the structure at this point. Alternatively, if the structure is still
elusive, these tools might help to produce some ideas.

The first tool is the formula. Once we have NMR tables, we can begin guessing at the numbers of carbons and hydrogens in the
structure. With the addition of an IR table, we can begin guessing at the presence of other atoms, such as oxygen or maybe
nitrogen.

For example, in the C NMR table above, there were seven peaks. That means there are probably at least seven carbons. We can
start off the molecular formula as C . However, there may be additional carbons if there is some symmetry. There may also be a
few carbons that do not show up very well in the spectrum. If you have ever obtained a real C NMR spectrum, you will know that
carbonyl peaks can be hard to find, especially if there are no hydrogens attached to the carbonyl. In the table above, it looked like
there was a benzene, so maybe there werereally six carbons in the aromatic region, and not just four carbons. That would mean the
formula, so far, is C .

In the H NMR table, the integrals added up to a total of 10H. So, maybe the formula is C H .

Furthermore, the IR table suggested the possible presence of two different oxygen atoms. The formula may actually be C H O .

Once we have a formula, we actually get a great deal of information automatically. One of the most important pieces is "units of
unsaturation" or "degrees of unsaturation" (DU). The DU is the result of a formal comparison of the C/H ratio in the compound to
that in a normal alkane. In a normal alkane, the formula is always C H . If you picture a long hydrocarbon chain, there will be
two hydrogens on each carbon along the chain, plus one more hydrogen at either end of the chain. However, an alkene contains one
pi bond, and at the site of that pi bond there are two hydrogen atoms missing from that alkane formula. A simple alkene always has
the formula C H . That missing pair of hydrogens in the formula is called a degree of unsaturation.

The same thing also happens to the formula if there is a ring present. One DU can correspond to the presence of a double bond or a
ring. If DU=2, there may be two double bonds, two rings, or one of each.

If there are oxygen atoms present in the formula, we can just ignore them and pay attention to the hydrocarbon part. Conceptually,
because oxygen forms two bonds, we can think of it as squeezing in between any two atoms in a hydrocarbon structure to form a
new compound. The ratio of carbon to hydrogen is unchanged. If there is a degree of unsturation in a formula containing oxygen, it
simply suggests the presence of a ring or a double bond, just like in a hydrocarbon.
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Sometimes, if there are other atoms present, we need to adjust the formula to take them into account. For example, any time a
halogen is found in the structure, it conceptually replaces a hydrogen atom. In order for a halogen to be found in the structure, there
would have to be one fewer hydrogen atoms in order to open up a spot for the halogen. To adjust for the presence of a halogen, we
need to add one hydrogen into the formula, then compare it to the standard alkane formula.

Nitrogen, on the other hand, has three bonds. Unlike oxygen, if we squeeze it in between two other atoms, it still needs one extra
bond. It always brings an extra hydrogen into the formula. To adjust for the presence of nitrogen, we need to subtract one H from
the formula, then compare it to the standard alkane formula.

In the formula we just calculated, we have C H O . We can ignore the oxygens and look at the C9H10. If this were a saturated
hydrocarbon with nine carbons, its formula would be C H  (since 2 x 9 + 2 = 20). We are missing five pairs of hydrogens, so DU
= 5. That is a lot. However, if we have one benzene in the structure, that would account for three double bonds and one ring all at
once. That four degrees of unsaturation. An additional carbonyl would bring the number up to the required five. If we had not yet
arrived at the idea of a benzene ring, this comparison might make us think of it. Alternatively, if we knew about the benzene but
hadn't yet spotted the carbonyl, we might be on the lookout for it now.

Once we have a possible formula, another useful tool is mass spectrometry (MS). Even if you don't know much about mass
spectrometry, the basic idea is simple. A mass spectrometer takes a molecules and bashes it into little pieces, then measures the
molecular weights of each of those fragments. If you are lucky when you run the experiment, some of the molecules are left intact,
and you get the molecular weight of the entire molecule, too.

If we calculate the molecular weight based on the formula and compare it to the possible molecular weight from the mass spectrum,
we might get confirmation that we are on the right track. Alternatively, maybe our calculated molecular weight will come up short.
If we are off by 16, maybe we have missed an oxygen atom somewhere. If we are off by 14, maybe we have missed a carbon and a
pair of hydrogens. This information might help us to correct some mistakes.

In the above example, the formula leads to a molecular weight of 150 g/mol. If the mass spectrum did not match, we would want to
check our work to see if we overlooked something.

Using the approach outlined above, build a case for the structure of the compound represented by the data below.
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