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Spring 2015                    Chemistry 4000 Midterm                                   ____/ 42 marks 
 
INSTRUCTIONS: 1) Please read over the test carefully before beginning.  You should have 8 

pages of questions and a periodic table. 
 2) Unless otherwise stated in the question, explain all of your answers fully.   

Use diagrams where appropriate.  When invoking any argument based on 
resonance, you must draw all relevant resonance structures. 

 3) ALL structures must be drawn showing lone pairs, non-zero formal charges 
and reasonable bond angles – regardless of whether they are expanded, 
condensed or line-bond.  Marks will be deducted for poorly drawn structures. 

 4) Marks will be deducted for incorrect information added to an otherwise 
correct answer. 

 5) If your work is not legible, it will be given a mark of zero. 
 6) Calculators are not allowed.  You are not permitted to have any electronic 

devices with you during the exam unless authorized by the instructor.   
 7) You may use a molecular model kit. 
 8) You have 2 hours to complete this test. 
 
Confidentiality Agreement:  
I agree not to discuss (or in any other way divulge) the contents of this exam until after 8:00pm 
Mountain Time on Wednesday, March 11th, 2015.  I understand that breaking this agreement would 
constitute academic misconduct, a serious offense with serious consequences.  The minimum 
punishment would be a mark of 0/42 on this exam; the maximum punishment would include expulsion 
from this university.    
 
 
Signature: ___________________________  Date: _____________________________ 
Course: CHEM 4000A (Medicinal Chemistry) 
Semester: Spring 2015 
The University of Lethbridge 
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1. The main natural synthons are a1, d2 and a3.  Explain why each of these synthons has “natural” 

reactivity.  Each explanation should include an example.         [6 marks] 
(a) a1 synthon 
 In an a1 synthon, the electrophilic carbon atom is directly attached to a more electronegative 

heteroatom (usually by a double or triple bond).  This puts a partial positive charge on the 
electrophilic carbon atom (making it naturally electrophilic), and electron density can be shifted 
onto the electronegative heteroatom when a nucleophile attacks. 
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(b) d2 synthon 
 In a d2 synthon, the nucleophilic carbon atom is typically α to a carbonyl, nitrile or similar 

group.  Thus, deprotonation of the starting material gives a resonance stabilized anion.  Thus, 
the nucleophile is readily formed. 
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(c) a3 synthon 
 In an a3 synthon, the electrophilic carbon is part of an extended pi system (usually an α,β-

unsaturated carbonyl).  Thus, when a nucleophile attacks, electron density can be shifted onto 
the electronegative heteroatom via the pi system: 
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2. 2-bromo-N-methylthiazolium bromide (BMTB) was developed as a peptide coupling agent that 

would be better at coupling sterically hindered amino acids better than the alternatives that 
existed at the time.  It was made in three steps from chloropropanone (aka “chloroacetone”): 

               [12 marks] 
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(a) The thiocyanate ion (SCN–) has two nucleophilic sites.  Draw both resonance structures for 

SCN– and identify the two nucleophilic sites.           [2 marks] 
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 The sulfur and nitrogen atoms are the two nucleophilic sites. 
 
(b) Draw a mechanism for the reaction of SCN– with chloroacetone and explain the regiochemistry 

of this reaction.  In other words, why does SCN– react using one nucleophilic site instead of the 
other one and why does chloroacetone react using one electrophilic site instead of the other 
one?                 [5 marks] 
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 The two electrophilic sites in chloroacetone are the carbon attached to chlorine (shown as the 

electrophilic site in the mechanism above) and the carbonyl carbon.  If the thiocyanate attacks 
the carbonyl carbon, giving the tetrahedral intermediate, the C=O bond will immediately re-
form, kicking out the thiocyanate for no net reaction.  If the thiocyanate attacks the carbon 
attached to chlorine, a chloride ion leaves.  Since chloride is a much better leaving group than 
thiocyanate, this reaction is not reversible.  Therefore, this is the active electrophilic site. 

 The active electrophilic site is soft.  Therefore, we expect the thiocyanate ion to react at the 
softer nucleophilic site.  Since the sulfur atom is significantly larger than the nitrogen atom, it 
will have a lower charge density and be softer than the nitrogen atom.  For this reason, the 
sulfur atom attacks the electrophilic carbon of chloroacetone. 
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2. continued… 
(c) Propose a reasonable mechanism for the second step in the synthesis of BMTB. (shown below) 
                  [5 marks] 
 I accepted at least three different mechanisms as being reasonable.  One of those approaches, 

however, involved intermediates containing a linear atom in a five-atom ring – which is not 
actually all that reasonable (ring strain!).  For this reason, I suspect that a mechanism similar 
to the one shown below is the most likely to be correct. 
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3. The Horner-Wadsworth-Emmons reaction is very similar to the Wittig reaction:       [11 marks]  
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(a) In the space provided above, draw the major organic product of each reaction.       [4 marks] 
 Wittig reactions in which there is no extra resonance stabilization of the ylide give the Z-alkene 

as the major product. 
 Horner-Wadsworth-Emmons reactions give the E-alkene as the major product. 
 
(b) The Wittig reagent is made by reacting the CH3CH2PPh3

+ cation with a very strong base such as 
BuLi; however, the Horner-Wadsworth-Emmons reagent can be made by reacting 
CH2(CO2Et)(PO(OEt)2) with a less strong base such as NaH. 
i. Why does preparation of the Horner-Wadsworth-Emmons reagent not require such a 

strong base?  (compared to preparation of the Wittig reagent)        [4 marks] 
 If the Horner-Wadsworth-Emmons reagent does not require such a strong base to make, 

that means that the acidic hydrogen in CH2(CO2Et)(PO(OEt)2) must be more acidic 
(than the acidic hydrogen in the CH3CH2PPh3

+ cation).  Therefore, the Horner-
Wadsworth-Emmons reagent must be more stable than the Wittig reagent. 

 The reason that the Horner-Wadsworth-Emmons reagent is more stable is that the 
negative charge is delocalized over more atoms (and more electronegative atoms): 
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***You did not get full marks if you told me that the Wittig reagent has no resonance 
stabilization.  There are two resonance structures for the Wittig reagent; however, there are 
three resonance structures for the Horner-Wadsworth-Emmons reagent – and they delocalize a 
large amount of negative charge onto electronegative oxygen atoms.*** 
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3.  
(b) continued… 

ii. Why would it be a bad idea to use BuLi as the base in preparing a Horner-Wadsworth-
Emmons reagent from CH2(CO2Et)(PO(OEt)2)?  Show what would happen.     [3 marks] 
In addition to being a strong base, BuLi is also a strong nucleophile.  The BuLi would 
attack the carbonyl carbon of the ester, giving a ketone (an even better electrophile) 
which would also be attacked by BuLi, giving a tertiary alcohol (after mild acidic work-
up): 
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4. The structure of penicillin is shown below.  Identify one disconnection that you would make if 

you were tasked with synthesizing penicillin.  Explain your choice.  Show the corresponding 
forward reaction for that step.             [3 marks] 

 DO NOT TRY TO PROPOSE A WHOLE SYNTHESIS OF PENICILLIN!!!   

O
H
N S

O
OH

O

H

 
When I look at this molecule, the disconnection that “jumps out at me” is the bond between the 
C and the N of the amide.  On the right side of that disconnection is a nitrogen atom, and 
nitrogen atoms are typically good nucleophiles.  On the left side of that disconnection is an a1 
synthon.  I imagine an acid chloride as a good electrophile.  So, the forward reaction would look 
something like: 
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5. How would you make the molecule below?         [10 marks] 
 Your answer should take the form of a retrosynthetic analysis followed by chemical equations 

for the reactions in the synthesis itself.  Write an equation for each reaction.  Show all required 
reagents, and number steps within a reaction if order of addition is important.     

 You may use any reagents that you could reasonably expect to be commercially available and 
that contain no more than 6 carbon atoms.  (Exception: Reagents may contain one or more 
benzene rings in addition to the 6 carbon limit.)  

         
 I think that the disconnections shown below give the shortest/simplest synthetic approach to this 

molecule.  The acetal group can be formed from an aldehyde plus a diol.  The C-N bond can be 
formed by having an amine attack an electrophilic carbon atom.  Because the product is a 
tertiary amine, we don’t have to worry about two of them attacking electrophilic carbon atoms, 
simplifying the approach somewhat (see the Fall 2012 midterm for when this would be a 
problem).  The main potential side reaction would be attack of the amine at the aldehyde rather 
than at the desired site if both electrophilic sites are available when the amine is added.  For 
this reason, I would form the acetal first then react the other end of the chain with the amine. 
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Proposed synthetic route: 
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 The sodium carbonate is to deprotonate the nitrogen after it has attacked the electrophilic 

carbon atom.  Carbonate is not a strong enough base to deprotonate an amine – and we do not 
need to deprotonate the amine.  Neutral nitrogen atoms are reasonably good nucleophiles. 

 The sodium iodide is to displace the chloride, making a better leaving group (may not actually 
be necessary – but it won’t hurt). 
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BONUS I recently came across a website in which a chemistry instructor told his students this 

following: “…begin mechanisms by drawing the most important resonance structure 
(lowest energy)…”  Part of this statement is very VERY VERY wrong.  Which part? 
Why?                 [1 mark] 

  
 

Resonance structures are different ways of drawing the same molecule.   
Resonance structures are not “real things” and cannot have energies of their own. 
A molecule exists as a weighted average of its resonance structures. 
A molecule can only have one energy. 
 
It is entirely valid to talk about “better”/“worse” or “major”/“minor” resonance 
structures.  But there’s no such thing as a “lower energy” resonance structure! 
 
Rant over…   
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                   Developed by Prof. R. T. Boeré 


