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Introduction1

This Supplemental Material consists of six tables of 66 compounds. Structures of 50 of them are solvable from their data sets by techniques presented in the accompanying article.2 Eight data sets have two solutions thereby accounting for the other 16 structures. The basic notion is to give students data in a raw form and then ask them a solvable question.3 Namely, which structure gives the data? Solutions to these problems generally require higher order thinking skills of analysis, synthesis and evaluation as defined in Bloom’s taxonomy (1). The aim of sustaining the problems over the course of a semester is to allow students to learn to conduct the kind of analysis presented (i.e., to learn to think the way a scientist thinks) without paying a big penalty in their lab grade. Students solved 36% of the total problems graded during the spring 2004 semester.4 This result shows the problems are difficult for first-year organic students. However, 88% of the 50 problems with a single solution were solved by at least one student. This result shows the problems are solvable by sophomore-level students. The overall results support the conclusions in the article. The students also see first hand why a systematic system of nomenclature is necessary.
 Tables 1-6 The following tables contain the names of C10 acyclic hydrocarbons that follow the isoprene rule. Accordingly, the compounds may be classified as monoterpenes. The C10 template is fixed with the isopropyl group on the left, and the structures are arranged by the number and kinds of the unsaturations on the template and tabulated, starting with simple alkenes, then dienes, trienes, ynes, diynes, and enynes. The compounds in Tables 1-6 are numbered from 1-66. Each table contains three columns. The first column shows the number of the compound. When a second number appears in square brackets (e.g., 1[6]), the two compounds give the same set of ozonolysis products. Thus, they are indistinguishable. Four pairs of these compounds, 10[24], 14[28], 56[58], and 61[66], can be distinguished by their UV data.5 When a bold R appears in square brackets (e.g., 2[R]), the structure can be solved from the reductive workup products alone.6 A ratio of a pair of numbers in parentheses gives test results for that compound; the structure of 3 was solved by a student one of the three times (1/3) it was tested. The second column shows the molecular formulas expected for the products of a reaction of the compound with ozone followed by an oxidative workup. Directly below the oxidative-workup formulas are the corresponding formulas expected from a reductive workup. The third column shows the IUPAC names of the compounds7 and their structures. 
Table 1. Ozonolysis products of C10H20 Monoterpenes (enes), Compounds 1- 8 
	Compound
	Products 

(Oxidative Workup/Reductive Workup)
	Name of terpene

	1[6]  (3/27)
	CO2      +   C9H18O

CH2O   +   C9H18O
	2,6-dimethyl-1-octene 

[image: image1.wmf]


	2[R]  (0/5)
	C3H6O   +   C7H14O2

C3H6O   +   C7H14O
	2,6-dimethyl-2-octene

[image: image2.wmf]

	3       (1/3)
	C4H8O2   +   C6H12O2

C4H8O    +   C6H12O
	2,6-dimethyl-3-octene

[image: image3.wmf]

	4[R]  (1/4)
	C5H10O2  +    C5H10O2
C5H10O    +    C5H10O
	2,6-dimethyl-4-octene

[image: image4.wmf]

	5       (1/5)
	C4H8O   +   C6H12O2

C4H8O   +   C6H12O
	3,7-dimethyl-3-octene

[image: image5.wmf]

	6[1]         
	CO2      +   C9H18O

CH2O   +   C9H18O
	2-ethyl-6-methyl-1-heptene

[image: image6.wmf]

	7[R]  (1/4)
	C2H4O2   +   C8H16O

C2H4O     +   C8H16O
	3,7-dimethyl-2-octene

[image: image7.wmf]

	8       (2/9)
	CO2      +   C9H18O2

CH2O   +   C9H18O
	3,7-dimethyl-1-octene

[image: image8.wmf]


Table 2. Ozonolysis products of C10H18 monoterpenes (dienes), Compounds 9-28

	Compound
	Products 

(Oxidative Workup/Reductive Workup)
	Name of Terpene

	9[27]
	CO2      +   C3H4O3   +   C6H12O2
CH2O    +   C3H4O2   +   C6H12O
	2,6-dimethyl-1,3-octadiene


[image: image9.wmf]

	10[24] 
	CO2      +   C4H6O3   +   C5H10O2
CH2O    +   C4H6O2   +   C5H10O
	2,6-dimethyl-1,4-octadiene

(inactive in UV from 200-400 nm)

[image: image10.wmf]

	11       (0/4) 
	CO2      +   C4H8O   +   C5H8O3
CH2O    +   C4H8O   +   C5H8O2
	2,6-dimethyl-1,5-octadiene

[image: image11.wmf]


	12       (0/4)
	2 CO2    +   C8H14O2
2 CH2O  +   C8H14O2
	2-ethyl-6-methyl-1,6-heptadiene

[image: image12.wmf]

	13[R]  (3/4)
	CO2     +   C2H4O2   +   C7H12O2
CH2O   +   C2H4O    +   C7H12O2
	2,6-dimethyl-1,6-octadiene

[image: image13.wmf]

	14[28] 
	2 CO2     +   C8H14O3
2 CH2O   +   C8H14O2
	2,6-dimethyl-1,7-octadiene

(inactive in UV from 200-400 nm)

[image: image14.wmf]

	15[R]  (3/4)
	C2H2O4   +   C3H6O   +   C5H10O2
C2H2O2   +   C3H6O   +   C5H10O
	2,6-dimethyl-2,4-octadiene

[image: image15.wmf]

	16[R]  (4/4)
	C3H4O4   +   C3H6O   +   C4H8O

C3H4O2   +   C3H6O   +   C4H8O
	2,6-dimethyl-2,5-octadiene

[image: image16.wmf]

	17       (2/5)
	CO2      +   C3H6O   +   C6H10O3
CH2O    +   C3H6O   +   C6H10O2
	2-ethyl-6-methyl-1,5-heptadiene

[image: image17.wmf]

	18[R]  (2/5)
	C2H4O2   +   C3H6O   +   C5H8O3
C2H4O     +   C3H6O   +   C5H8O2
	2,6-dimethyl-2,6-octadiene

[image: image18.wmf]

	19       (2/5)
	CO2      +   C3H6O   +   C6H10O4
CH2O    +   C3H6O   +   C6H10O2
	3,7-dimethyl-1,6-octadiene

[image: image19.wmf]

	20[R]  (1/5)
	C2H2O4   +   C4H8O   +   C4H8O2
C2H2O2   +   C4H8O   +   C4H8O   
	2,6-dimethyl-3,5-octadiene

[image: image20.wmf]

	21       (0/4)

	CO2      +   C4H8O2   +   C5H8O3
CH2O    +   C4H8O   +   C5H8O2
	2-ethyl-6-methyl-1,4-heptadiene

[image: image21.wmf]

	22[R]  (2/4)
	C2H4O2   +   C4H6O3   +   C4H8O2
C2H4O     +    C4H6O2   +   C4H8O
	3,7-dimethyl-2,5-octadiene

[image: image22.wmf]

	23       (0/4)
	CO2      +   C4H8O2   +   C5H8O4
CH2O    +   C4H8O   +   C5H8O2
	3,7-dimethyl-1,5-octadiene

[image: image23.wmf]


	24[10] 
	CO2      +   C4H6O3   +   C5H10O2
CH2O    +   C4H6O2   +   C5H10O
	2-ethyl-6-methyl-1,3-heptadiene

(strong UV at max ~ 227 nm)

[image: image24.wmf]

	25[R]   (2/5)
	C2H4O2   +   C3H4O3   +   C5H10O2
C2H4O     +    C3H4O2   +   C5H10O
	3,7-dimethyl-2,4-octadiene

[image: image25.wmf]

	26       (0/3)
	CO2      +   C4H6O4   +   C5H10O2
CH2O    +   C4H6O2   +   C5H10O
	3,7-dimethyl-1,4-octadiene

[image: image26.wmf]

	27[9]
	CO2      +   C3H4O3   +   C6H12O2
CH2O   +   C3H4O2   +   C6H12O
	3,7-dimethyl-1,3-octadiene


[image: image27.wmf]

	28[14]
	2 CO2     +   C8H14O3
2 CH2O   +   C8H14O2
	2-(4-methylpentyl)-1,3-butadiene

(strong UV at ~222 nm)

[image: image28.wmf]


Table 3. Ozonolysis products of C10H16 monoterpenes (trienes), Compounds 29-45

	Compound
	Products (Oxidative Workup/Reductive Workup)
	Name of Terpene

	29       (2/7)
	CO2     +   C2H2O4  +   C3H4O3  +  C4H8O

CH2O  +   C2H2O2  +   C3H4O2  +   C4H8O
	2,6-dimethyl-1,3,5-octatriene

[image: image29.wmf]

	30[36] 
	2 CO2     +   C3H4O3   +    C5H8O3

2 CH2O   +   C3H4O2  +    C5H8O2
	6-ethyl-2-methyl-1,3,6-heptatriene

[image: image30.wmf]

	31[34]
	CO2    +  C2H4O2  +   C3H4O3  +  C4H6O3

CH2O  +  C2H4O   +   C3H4O2  +  C4H6O2
	2,6-dimethyl-1,3,6-octatriene

[image: image31.wmf]

	32       (3/8)
	2 CO2     +   C3H4O3   +    C5H8O4

2 CH2O  +   C3H4O2   +    C5H8O2
	2,6-dimethyl-1,3,7-octatriene

[image: image32.wmf]

	33       (1/6)
	2 CO2     +   C4H6O3   +    C4H6O3

2 CH2O  +   C4H6O2   +    C4H6O2
	2-ethyl-6-methyl-1,3,6-heptatriene

[image: image33.wmf]

	34[31]
	CO2   +   C2H4O2  +  C3H4O3  +   C4H6O3

CH2O +  C2H4O   +   C3H4O2  +   C4H6O2
	2,6-dimethyl-1,4,6-octatriene

[image: image34.wmf]

	35       (4/7)
	2 CO2     +   C4H6O4   +    C4H6O3

2 CH2O  +   C4H6O2   +    C4H6O2
	2,6-dimethyl-1,4,7-octatriene

[image: image35.wmf]

	36[30]
	2 CO2     +   C3H4O3   +    C5H8O3

2 CH2O  +   C3H4O2   +    C5H8O2
	3,7-dimethyl-1,3,7-octatriene

[image: image36.wmf]

	37[R]  (3/9)
	3 CO2     +   C7H10O4

3 CH2O  +   C7H10O3
	2-methyl-6-methylene-1,7-octadiene (-myrcene)

[image: image37.wmf]

	38       (2/8)
	CO2   +  C2H2O4  +  C3H6O  +   C4H6O3

CH2O + C2H2O2  +  C3H6O  +   C4H6O2
	2-ethyl-6-methyl-1,3,5-heptatriene

[image: image38.wmf]

	39[R]  (3/7)
	C2H2O4 + C2H4O2 +  C3H4O3  +  C3H6O
C2H2O2 + C2H4O  +  C3H4O2  +  C3H6O
	2,6-dimethyl-2,4,6-octatriene

[image: image39.wmf]

	40       (4/9)
	CO2   +  C2H2O4 +  C3H6O  +  C4H6O4

CH2O +  C2H2O2 +  C3H6O +  C4H6O2
	3,7-dimethyl-1,4,6-octatriene

[image: image40.wmf]

	41[R]  (3/7) 
	CO2   + C3H6O  +  C3H4O3  +  C3H4O4

CH2O + C3H6O  +  C3H4O2  +  C3H4O2
	3,7-dimethyl-1,3,6-octatriene

(ocimene)

[image: image41.wmf]

	42[R]  (2/9)
	2 CO2      +   C3H6O    +    C5H6O5

2 CH2O   +   C3H6O    +    C5H6O3
	7-methyl-3-methylene-1,6-octadiene (-myrcene)

[image: image42.wmf]

	43       (3/7)
	CO2   +  C2H2O4  + C3H4O3  + C4H8O2

CH2O +  C2H2O2 +  C3H4O2 +  C4H8O
	3,7-dimethyl-1,3,5-octatriene

[image: image43.wmf]

	44[R]  (2/5)
	2 CO2      +   C4H8O2     +    C4H4O5

2 CH2O   +   C4H8O      +    C4H4O3
	7-methyl-3-methylene-1,5-octadiene

[image: image44.wmf]

	45[R]  (2/7)
	2 CO2      +   C3H2O5    +    C5H10O2

2 CH2O   +   C3H2O3    +    C5H10O
	7-methyl-3-methylene-1,4-octadiene

[image: image45.wmf]


Table 4. Ozonolysis products of C10H18 monoterpenes (ynes), Compounds 46-48

	Compound
	Products 

(Oxidative Workup/Reductive Workup)
	Name of terpene

	46[R] (4/10)
	C4H8O2   +   C6H12O2
C4H8O2   +   C6H12O2
	2,6-dimethyl-3-octyne

[image: image46.wmf]

	47[R]   (2/2)
	C5H10O2   +   C5H10O2

C5H10O2   +   C5H10O2
	2,6-dimethyl-4-octyne

[image: image47.wmf]

	48[R]   (1/1)
	CO2        +   C9H18O2

CH2O2    +   C9H18O2
	3,7-dimethyl-1-octyne

[image: image48.wmf]


Table 5. Ozonolysis products of C10H14 monoterpenes (diynes), Compounds 49-50

	Compound
	Products 
(Oxidative/Reductive Workup)
	Name of terpene

	49[R]  (1/2)
	CO2       +   C4H8O2   +   C5H8O4
CH2O2   +   C4H8O2   +   C5H8O4
	3,7-dimethyl-1,5-octadiyne

[image: image49.wmf]

	50[R]  (1/2)
	CO2       +   C4H6O4   +   C5H10O2
CH2O2   +   C4H6O4   +   C5H10O2
	3,7-dimethyl-1,4-octadiyne

[image: image50.wmf]


Table 6. Ozonolysis products of C10H16 monoterpenes (enynes), Compounds 51-66

	Compound
	Products 

(Oxidative Workup/Reductive Workup)
	Name of compound

	51[R]  (1/3)
	CO2         +   C3H4O3   +   C6H12O2
CH2O   +   C3H4O3   +   C6H12O2
	2,6-dimethyl-1-octen-3-yne

[image: image51.wmf]

	52[R]  (1/3)
	C2H2O4      +   C4H8O   +  C4H8O2    
C2H2O3     +   C4H8O   +  C4H8O2    
	2,6-dimethyl-5-octen-3-yne

[image: image52.wmf]

	53     (2/10)
	CO2      +   C4H8O2   +  C5H8O3

CH2O   +   C4H8O2   +   C5H8O3
	2-ethyl-6-methyl-1-hepten-4-yne

[image: image53.wmf]

	54[R]  (1/4)
	C2H4O2  +  C4H8O2   +  C4H6O3
C2H4O   +  C4H8O2   +  C4H6O3
	3,7-dimethyl-2-octen-5-yne

[image: image54.wmf]

	55       (1/2)
	CO2      +   C4H8O2   +  C5H8O4

CH2O   +   C4H8O2   +   C5H8O3
	3,7-dimethyl-1-octen-5-yne

[image: image55.wmf]

	56[58]
	CO2      +   C4H6O3   +   C5H10O2

CH2O   +   C4H6O3   +   C5H10O2
	2,6-dimethyl-1-octen-4-yne
(inactive in UV from 200-400 nm)

[image: image56.wmf]

	57[R]  (2/3)
	C2H3O4   +  C3H6O   +  C5H10O2 
C2H2O3   +  C3H6O   +  C5H10O2
	2,6-dimethyl-2-octen-4-yne

[image: image57.wmf]

	58[56]
	CO2      +   C4H6O3   +   C5H10O2

CH2O   +   C4H6O3   +   C5H10O2
	2-ethyl-6-methyl-1-hepten-3-yne
(strong UV at ~ 227 nm)

[image: image58.wmf]

	59[R]  (1/4)
	C2H4O2  +  C3H4O3   +  C5H10O2
C2H4O   +  C3H4O3   +  C5H10O2
	3,7-dimethyl-2-octen-4-yne

[image: image59.wmf]


	60       (2/2)
	CO2      +   C4H6O4   +  C5H10O2

CH2O   +   C4H6O3   +   C5H10O2
	3,7-dimethyl-1-octen-4-yne

[image: image60.wmf]

	61[66]
	2 CO2    +   C8H14O3

CH2O   +   CH2O2   +   C8H14O3     
	2,6-dimethyl-1-octen-7-yne
(inactive in UV from 200-400 nm)


[image: image61.wmf]

	62[R]  (2/3)

	CO2       +   C3H6O   + C6H10O4
CH2O2   +   C3H6O   + C6H10O3
	3,7-dimethyl-6-octen-1-yne

[image: image62.wmf]

	63[R]  (1/6)

	CO2       +   C4H8O2  + C5H8O4
CH2O2   +   C4H8O   + C5H8O3
	3,7-dimethyl-5-octen-1-yne

[image: image63.wmf]

	64[R]  (4/8)

	CO2       +   C4H6O4   +   C5H10O2
CH2O2   +   C4H6O3   +   C5H10O
	3,7-dimethyl-4-octen-1-yne

[image: image64.wmf]

	65[R]  (2/2)

	CO2       +   C3H4O3   +   C6H12O2
CH2O2   +   C3H4O3   +   C6H12O
	3,7-dimethyl-3-octen-1-yne

[image: image65.wmf]

	66[61]


	2 CO2      +   C8H14O3

CH2O     +   CH2O2   +   C8H14O3     
	2-(4-methylpentyl)-1-buten-3-yne
(strong UV at ~ 222 nm)


[image: image66.wmf]


Instructor Notes
1. No chemicals are required, and no chemical hazards or related safety issues are present in the problems provided herein. CAS registry numbers are not provided for the compounds, because no laboratory work is conducted on them.
2. Aside from the number of isoprene-rule problems available in Tables 1-6, the basic difference between these problems and those in textbooks (2) is that students must determine the structures of or structural features in the ozonolysis products themselves as opposed to being given all or part of the structures. They must also formulate the 2,6-dimethyloctane template from the isoprene rule. For a comparison with textbook problems, see problems 14.48 and 14.49 in reference 2(a) and 8.34 in reference 2(b).
3. These problems offer a complement to structure problems solved by spectrometric analyses. In them, partial structures are determined from various spectra and then joined to make a unique structure. In these problems, whole structures, or sufficient data about them, are determined from molecular formulas, so they may be converted into partial structures and joined with the aid of a template to make a unique structure without spectral information. 
4. These problems were given to students during regularly scheduled lab periods, because time was available. Students were given 15 min. to determine the structure. After the first week, students had to turn in their lab report for the prior week before receiving their problem, and they were given 15 min. from the lab starting time to complete the problem. Students who were 5 min. late or spent 5 min. of lab time completing a lab report had 10 min. to work on a solution, etc. Problems were collected promptly, so that students who were 15 or more min. late never received a problem. This approach penalizes undesirable behavior and keeps the lab on schedule.

5. The approximate values of max found in the tables are predicated on the assumption that the UV absorption of conjugated chromophores follows the Woodward-Fieser rules (3).

6. Instructors have an option with the [R] compounds of giving both sets of ozonolysis data or only the reductive workup products. Likewise, the oxidative workup products are sufficient to characterize many compounds.

7. Asking students to name the structure adds another dimension to the problem. Students were required to set off two numbers by a comma, and a number and letter by a hyphen. Correct structures that were named incorrectly were counted wrong. This led to a pronounced improvement in the students' ability with nomenclature. In solving these problems, students seemed to take nomenclature as a natural part of the overall process rather than as a rote memory exercise.
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