Determination of an Organic Unknown

During the course of the semester, each student will identify the structure of an organic unknown using predominantly spectroscopic methods.  Your unknowns may contain the elements of carbon, hydrogen, oxygen, and/or halogens.  No other elements will be present.  You will be given 1H and 13C NMR spectra and a mass spectrum but will need to obtain an IR spectrum.  After you propose a structure for your compound, determine its chemical name and obtain information about the physical constants of this compound.  The CRC Handbook of Chemistry and Physics, the Aldrich chemical catalog (or online catalog at http://www.sigma-aldrich.com) and the NIST webbook (http://webbook.nist.gov/chemistry/) may be helpful for finding physical and spectral information about your unknown.  You may also look on material safety data sheets.  The literature properties/spectra should be consistent with your proposed structure.  
Everyone is to do their own work and collaboration or comparison of data is not allowed.  You may consult only your TA or instructor for assistance.  Help outside of those sources will be considered a violation of the Honor Code.
Overview of Approach to Structure Determination

	Piece of Information
	What it tells you

	IR spectrum
	Functional group(s) in molecule.  Particularly useful in spotting C=O, O-H, or aromatic rings.

	Mass spectrum
	Molecular mass of unknown.  Particularly useful in determining the molecular formula and if a halogen is present (and if so, which one.)

	13C NMR spectrum
	Number of different carbons in the molecule and what type of carbons (sp3, C=C, C=O, etc.) you have. 

	1H NMR spectrum
	Integration tells you the relative # of H’s in the signal.

Multiplicity gives you information about # of H neighbors.

Chemical shift helps you determine electronic environment of H. 

	Physical properties
	Structural conformation.

	Qualitative tests
	Functional group(s) in molecule.


Plan of Attack
There is no set procedure.  These problems offer you the opportunity for some ingenuity in how you wish to tackle them.  What follows is one suggested approach.  
Examine the mass spectrum. 

Begin by examining the high-mass peaks.  If the molecular ion appears in the spectrum, you can determine the molecular mass and some possible formulas.  However, your mass spectrum may not show the molecular ion.  (Unless you have a functional group that fragments readily, such as an alcohol or an amine, start your analysis with the assumption that the highest mass peak is indeed the molecular ion.)  Consult the handout on molecular ion intensity correlations by functional group.  This table suggests that you probably will not have a molecular ion in your spectrum if you have an alcohol, a branched alkane, or a halogenated alkane.  In these cases, the peaks that appear in your mass spectrum are all from fragment ions, and the molecular ion will be heavier than the heaviest of these.  The mass spectrum is a good place to look for evidence for bromine and chlorine, owing to the fact that ions containing these elements show distinctive isotope patterns.  Consult the Table of Common Fragment Ions handout for help in analyzing the fragmentation pattern.

Examine the infrared  spectrum.

Look for a carbonyl group (1660-1820 cm-1).  If present, try to determine what functional group is present, i.e. carboxylic acid, amide, ester, anhydride, aldehyde, or ketone.  (See the IR lab handout.) Absorptions just above 3000 cm-1 indicate unsaturated C-H stretches, indicating the presence of a C-C -bond.  Look for O-H stretches.  Neat alcohols should show a strong, broad peak between 3225 and 3400 cm-1.  You can also look for evidence of a C-C -bond or an aromatic ring.  If you look at the infrared and don’t find a functional group, then it is likely that you have a hydrocarbon or a halogenated hydrocarbon.  Halogens don’t give much of a signature in the infrared.

Examine the 13C NMR. 

All carbon compounds contain 13C, and this isotope will be randomly distributed throughout the molecule.  Working a problem backwards, a 13C spectrum with four different chemical shifts would tell you that your compound has four nonequivalent carbon atoms.  (Rarely do two different carbons have the same chemical shift.)  To illustrate the power of 13C NMR compare 3-methylheptane with 4-methylheptane.  These isomers would give practically the same infrared, proton NMR, and mass spectrum. Boiling point and density would be nearly the same.   However the former has 8 nonequivalent carbons whereas the latter has only 5.

· Spectra are commonly carried out in CDCl3, so there may be a (solvent) peak in your spectrum at 77.46 .  It will appear as a 1:1:1 triplet, due to spin-spin splitting by the magnetic deuterium atom.

· Chemical shifts are referenced to the 13C shift of TMS (tetramethylsilane).  The spread in chemical shifts is nearly 300 , vs. only about 12  for proton shifts.  See Figure 13.7, p. 432  in McMurry for additional information.

· It is the customary to carry out the carbon spectra in such a way that all 13C peaks will appear as singlets.  (More advanced 13C NMR experiments can tell you how many protons are bonded to each carbon.)

· Peak integrations in 13C NMR are not usually measured.  

Examine the 1H NMR. 

· Chemical Shifts.  The chemical shift of a signal in the NMR spectrum gives you valuable information about the electronic environment of the protons.  Thus, you should be able to determine if the protons are near -bonds or electronegative atoms.  Use Table 13.3, p. 442 in McMurry for information on chemical shifts.  (Note that the chemical shift of an OH or NH proton is a function of temperature, solvent, and concentration.  A literature spectrum of the same compound will not necessarily have the OH or NH proton at the same chemical shift.) 
· Integration.  Integration gives you the relative number of protons in a signal.  You cannot have a fraction of a proton, so integral fractions must be rounded to the closest integer.  If you have a perfectly symmetrical molecule, the actual number of H’s in a signal may be 2 or 3 times the relative integral value.  Determining the relative number of protons in each signal is a great place to start your 1H NMR analysis.
· Spin-spin splitting.  Review common splitting patterns in McMurry Ch. 13.11.  Splitting is often very useful in helping identify the compound.  Most splitting is caused by 3-bond proton neighbors.  An example is the ethyl group (3H triplet and 2H quartet).  
If you have a set of equivalent protons that are separated from their neighbors by four or more bonds, you usually will not see splitting.  For example, a methyl on a benzene ring is a single sharp peak.  If you have simple (first order) splitting patterns in your 1H NMR, great!  If not, read on.

Unfortunately, the “n+1” rule for splitting by “n” neighbors often doesn’t predict the observed splitting pattern. (Read McMurry Ch. 13.12.)  If protons have similar chemical shift and they couple each other, expect more complicated splitting patterns, such as a double doublet or a multiplet.  Molecules containing C-C -bonds and aromatic rings often display these non-first order couplings.

Another situation that doesn’t show splitting when it ‘should’ involves the OH proton of an alcohol (or the N-H proton of an amine.) The OH proton often appears as a singlet if the spectrum was obtained in CDCl3 at room temperature. A singlet is observed because the proton exchanges with its neighbors at a fairly fast rate. (Splitting works, or doesn’t work, both ways.  If the OH appears as a singlet, then it’s as if the OH proton has no neighbors.  Therefore, it does not count as a neighbor to any other protons.)  At lower temperature or in other solvents, the OH exchange rate may be slow enough to see coupling to the OH proton.  

Unknown Reports are due at the beginning of your lab day during the week of April 18th.  Your final reports should be typed and contain the following:
1 Your name and unknown number.

2 Data: IR, mass, 1H and 13C NMR spectra.

3 Spectral analyses in tabular format for IR, mass, 1H NMR, and 13C NMR spectra.  
	Type of spectrum
	Data to be included in table

	IR
	assignment of prominent peaks

	MS
	identification of major fragments and the molecular ion

	1H NMRa
	a) proton identification label  b) chemical shift in ppm 
c) relative integration  d) multiplicity

	13C NMRb
	a) carbon identification label  b) chemical shift in ppm.  


aFor clarity, include a structure with labeled protons near the 1H NMR.   bInclude a structure with labeled carbons near the 13C NMR.

4 Discussion and Conclusions: Begin this section with the proposed structure of the unknown, its correct name, and then proceed to justify your proposal.  Interpret your spectra and discuss how you determine pieces of the unknown from the spectra.  Show how all four spectra (mass, IR, 1H NMR, and 13C NMR) support your proposed structure.  (It is not necessary to try to relate every single peak in every spectrum to some feature of your molecule.)  
5 References:  List any sources you used to help you determine or confirm the structure of your unknown.  You should have at least two references.
Reports do not need to be wordy for full credit.  However, you do need to support your conclusions by explaining how you used the spectra to help you solve the structure.  One paragraph per spectrum should be sufficient.  An additional paragraph summarizing, concluding, or confirming would also be appropriate.  I would guess that it would take approximately 1.5-2 typed pages (plus original spectra) to adequately explain the structure determination, no more.  It is difficult for the TAs to award partial credit to reports that include little to no discussion of how the student arrived at the incorrect structure.
