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 The production of food, fiber, and shelter has been the growing industry of the 

American agriculturist for many years.  A continuing rise in global population and a 

greater demand for agricultural products have provided a gateway for advancement 

within the agriculture industry.  New mechanical devices for increased production, 

enhancement in yield due to hybridization or genetic modification of plants, and new 

agrochemicals utilized in production are specific examples of advancements that have 

been manifested in agriculture.  According to the September 19, 2005 issue of Chemical 

and Engineering news, crop care is a $30 billion industry. 1     

 The crop care industry can be broken down into subcategories based upon its 

function in the agriculture market.  These categories include herbicides, fungicides, 

insecticides, and other agricultural chemicals, with herbicide sales being the largest 

market world wide. As with any agrochemical or pharmaceutical industry, the herbicide 

market can be broken down into chemical companies that are major competitors in the 

market.  For example, American Cyanamid, a current subsidiary company of BASF, 

specializes in the production and research of imidazolinone molecules (Figure 1, (1)) for 

plant growth regulation (PGR).   In addition to imidazolinone molecules there are 

numerous other molecules that demonstrate herbicide activity.  Some these include: 

organophosphorous (2), bipyridilium (3), 1,3,5-triazines (4), benzoic acid (5), 

dinitrophenols (6), sulfonylureas (7), triazols (8) and other plant growth regulators (9).  

(Figure 1).2 
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Figure 1.  Herbicide molecules with common names and functional group category. 

  

 In addition to herbicides being grouped together in categories based upon 

functional group, herbicide molecules can be placed in categories based upon function 

within the plant.  For example, imidazolinone and sulfonylurea compounds both inhibit 

acetohydroxyacid synthase which is involved in protein synthesis.3  However, for 
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purpose of the following discussion, functional group similarities will be utilized for 

grouping.   

 The category of imidazolinone molecules have developed over the past twenty 

years since their introduction to market in 1986.  These molecules from originated from a 

patented DuPont plant growth regulator AC 94377 (10) (Figure 2).4  It was noted that a 

white crystal was formed in a solution of this plant growth regulator that was dissolved in 

methanol (11).  This white crystal was isolated and characterized after it was found to 

have similar but slower growth regulation as compared to its parent (12,Figure 2).  After 

this, American Cyanamid, decided to investigate further these types of molecules as 

potential herbicides.  Upon the addition of NaOMe to the parent molecule, the first 

imidazolinone molecule was synthesized.5   
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Figure 2.  PGR transformation to first imidazolinone herbicide 
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Since the development of the original imidazolinone herbicide, there has been 

much advancement in the structures, synthesis and characterizations of molecule activity 

in the plant (Figure 3).  The fundamental feature of this class is the chiral imidazolinone 

ring.  The most recent synthesis of these molecules involves the use of substituted di-

ester benzene or pyridine (18) reacted with an entiopure amide R analog of valine in the 

presence of toluene and potassium tert-butoxide followed up with a strong acidic aqueous 

workup.(19)   It should be noted, that the R enantiomer is twice as effective over the 

racemate predecessor (20) (Figure 4).6 Additionally, the variations about the pyridine ring 

lead to different herbicide molecules for different products under name brand of 

Scepter™(16), Raptor™(17), Pursuit™(15), etc.  All of the imidazolinones have similar 

function, but have been implemented where a plant has become immune to another 

imidazolinone.   
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 Figure 3.  Variations of imidazolinone herbicides. 
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Figure 4.  Synthesis of imazethapyr (Pursuit). 

 

As previously stated, acetohydroxyacid synthase is responsible for synthesis of 

branched chain amino acids.  The interaction of acetohydroxyacid synthase with the 

acetohydroxy acid synthase prevents the synthesis of branched amino acids.3  The 

interaction of the imidazolinone with the acetohydroxyacid synthase was determined 

several ways.  The initial treatment of plants with the herbicide leads to a build up in 

amino acids and a decrease in the free soluble protein levels.7, 8  Modification of the 

acetohydroxy acid synthase lead to herbicide inactivity and synthesis of branched chain 

amino acids.8-11  Additionally, a recently published crystal structure of an isolated 

acetohydroxyacid synthase from a arabidopis thaliana (mouse ear cress) shows that the 

imidazolinone rests in the cavity of the protein.12  Occupancy of the cavity prevents 

amino acids from entering in and prevents the riboflavin co-factor from synthesizing the 

branched chain amino acids. 

Another category of agrochemical of interest is the organophosphorous chemicals. 

Glyphosate, Round Up™ as it is marketed by Monsanto, has become one of the largest 

agrochemicals since its introduction (Figure 1).  This chemical has spawned a number of 

genetically modified crops, that are resistant to the chemical when applied, driving its use 

to a higher level.  Additionally, as no-till farming is becoming more popular, the 
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necessity of a quality broad spectrum burn down herbicide has become necessary.  For 

this reason, glyphosate is a popular chemical, most in part to its mode of action with a 

plant. 
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Figure 4.  Synthesis of Glyphosate. 

 

Since its introduction, there have been several synthesis efforts to generate 

glyphosate.  The most current synthesis (Figure 4) involves the use of formaldehyde (21) 

and glycine (22).13  This reaction involves the use of an amine base in the first step to 

promote imine formation.  Then upon treatment with the phosphate, the corresponding 

loss of methanol yields a glyphosate precursor.  From this point acidic work up followed 

up by pH adjustment to 1 gives the glyphosate product.  

The exact mode of action of glyphosate in plants is still under review, and it may 

prove necessary to evaluate individual species to determine a true mechanism.  However, 

it has been discovered that glyphosate can bind to the iron of cytocrome P450 in a similar 

fashion to anti-fungal moieties.14  Currently there are no crystal structures for the binding 

of the glyphosate to a cytocrome P450, however, bifonizole (an antifungal molecule) 

crystal structure has been determined  from Blastocholoris viridis.15  Similar to 
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bifonizole, it is hypothesized that glyphosate binds to the cytocrome P450, between the 

iron center and the nitrogen of the glyphosate, and prevents biosynthesis of lignins, fatty 

acids, etc.16   

A predecessor to glyphosate is paraquat, marked under the name Gramoxone.  

This herbicide is prepared from a starting 4,4` bipyridine(Figure 1).  It is possible to 

synthesize paraquat with the use of some methyl iodide source (Figure 6).  Once the 

reaction between the pipyridine is complete, a two fold excess of silver chloride is added 

to promote ion exchange.   
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 Figure 6.  Synthesis of paraquat from bipyridine. 

  

Paraquat is activated by light and interferes with the plants ability to transport 

electrons.17  The effect of paraquat on the plant is manifested in photosystem I (PSI), 

where the paraquat is reduced and subsequently reoxidixed by O2, thereby generating a 

super oxide.18  In the presence of water, this superoxide generates peroxide and 

subsequently attacks lipids within the cell.  This attack on the lipids, and further 

peroxidation of unsaturated molecules, leads to a chain of events, that are not well 
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defined, that bleaches the chlorophyll and thereby causes the plant to have an inability of 

undergo photosynthesis.      

 Atrazine, a 1,3,5 triazine, is another of the worlds leading herbicides.  The power 

of Atrazine can be demonstrated by its annual sales over $400 million world wide, and it 

being a relatively long lived product.  Its original synthesis, performed in 194819 has not 

changed, however the advancements in understanding the mode of action and degradation 

in the environment have continued to be areas of research.  The biggest problem with 

atrazine is that it is thought to be toxic and unfriendly to the environment.  However, 

these issues have not slowed the annual sales of this herbicide. 

 Atrazine is synthesized from cyanuric chloride (26) and isopropyl amine.  This 

reaction is performed in xylene or toluene in the presence of water.  This reaction leads to 

an intermediate (27) that is further converted under the same reaction conditions with 

isopropylamine.   In the final step of the reaction, sodium hydroxide is added and 

separation of the product is performed (28).20  
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 Figure 7.  Synthesis of Atrazine 

 

 The activity of atrazine within the plant is not fully understood.  However, the 

general idea postulated in the late 1960’s seems to be prevalent.  That is that the atrazine 
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molecules enter into the chlorophyll of the plant.  Upon entrance, a binding occurs with 

one of the atrazine molecules within the chlorophyll, and there by inhibits 

photosyntheis.21  This binding was demonstrated by in a crystal structure in 1997 isolated 

from  bacteria.22  Additionally, the binding inhibited photosynthesis. 

 The final area of interest covered here is that is associated with plant grown 

regulation rather than plant termination.  It is often useful to suppress plant growth, on 

crops that may be sensitive to the use of another herbicide.  Maleic hydrazide is an 

example of such chemical.  Maleic hydrazide inhibits cell division.  One positive to the 

use of maleic hydrazide is that it does not prevent cell expansion.  This is useful in 

agriculture commodities where cell division (reproduction) is yield destroying, such as 

tobacco.   

 Maleic hydrazide is synthesized from maleic anhydride (29).  Maleic anhydride is 

placed in hydrochloric acid and hydrazine.  This reaction proceeds in the presence of 

water and generates the amide (30).  To afford a more stable molecule, tautermizaion 

occurs to generate the isolated product molecule (Figure 8).23   
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 Figure 8. Synthesis of maleic hydrazide.   
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The application of herbicide molecules to the agriculture field is one that 

continually growing.  In no way can one predict the direction of herbicides of the future.  

However, with continued knowledge of the biochemistry associated with plants, the 

possibility for newer more effective herbicides is possible.  Additionally, as synthetic 

techniques become available, known molecules may be synthesized more efficiently.  

Additionally, the there may become need to explore existing molecules more thoroughly 

to prevent plant resistance to herbicides.   

 A possible connection can be made with the pharmaceutical industry, as more 

knowledge of function in the plant is developed; the more available options for treatment 

of the problem can be addressed.  Moreover, a true connection can be made as there is 

little difference in the synthetic approach, from a chemistry side, of synthesizing a 

pharmaceutical or an agrochemical.  It is therefore feasible to predict that the future of the 

agrochemical industry may involve natural product, or modifications thereof, refinement 

of existing molecules, and further understanding of biological systems to generate new 

molecules for agrochemical application.     
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