The Aromaticity

Old definition: that of Huckel, planer, monocyclic, conjugated system containing (4n+2=π) electrons are aromatic.
New definition: an aromatic compound is the one which has a measureable degree if it show induced ring current. The induced ring current comes from nmr data (chemical shift about 7-9 ppm). 
Aromaticity can now be defined as the ability to sustain an induced ring current. A compound with this ability is called diatropic. There are several methods of determining whether a compound can sustain a ring current, but the most important one is based on NMR chemical shifts. 

Aromatic compounds are characterized by a specific type of cyclic, planar (flat) arrangement of atoms, typically carbon atoms, and a special arrangement of π electrons that provides them with exceptional stability and reactivity patterns. The key features of aromatic compounds include: Aromatic Ring: 
1. Aromatic compounds contain a ring of carbon atoms (typically six) bonded together in a planar, cyclic arrangement. This ring is often referred to as an "aromatic ring" or "benzene ring." Benzene (C6H6) is the most well-known aromatic compound and serves as the archetype for aromaticity. 
2. Pi-Electron Delocalization: In aromatic compounds, there are delocalized pi electrons (π electrons) that move freely throughout the entire ring structure. These electrons are not confined to specific carbon-carbon double bonds but are instead shared across the entire ring. This electron delocalization imparts extra stability to the molecule. 
3. Hückel's Rule: Hückel's rule is a mathematical guideline used to determine whether a planar, cyclic compound qualifies as aromatic. According to this rule, an aromatic compound must have 4n + 2 π electrons, where "n" is a non-negative integer (0, 1, 2, 3, etc.). This rule helps identify whether a compound fits the aromaticity criteria. 

Aromatic compounds play a significant role in organic chemistry, as they serve as the basis for the synthesis of a wide range of important chemicals, including pharmaceuticals, dyes, plastics, and more. 
It's important to note that not all cyclic compounds with double bonds are aromatic. Compounds that do not meet Hückel's rule or do not have the necessary pi electron delocalization are termed "non-aromatic" or "aliphatic." These compounds exhibit different chemical behaviors and are typically less stable than aromatic compounds.


Six-Membered Rings
Not only is the benzene ring aromatic, but so are many heterocyclic analogues in which one or more heteroatoms replace carbon in the ring. When nitrogen is the heteroatom, there is a sextet and there is an unshared pair on the nitrogen that does not participate in the aromaticity. Therefore, derivatives (e.g., N-oxides or pyridinium ions) are still aromatic.




Five, Seven, and Eight-Membered Rings
Aromatic sextets can also be present in five- and seven-membered rings. If a five membered ring has two double bonds, and the fifth atom possesses an unshared pair of electrons, as in pyrrole, the ring has five p orbitals that can overlap to create five new orbitals: three bonding and two Antibonding.



There are six electrons for these orbitals: the four p orbitals of the double bonds each contribute one and the filled orbital contributes the other two.
The heterocyclic compounds pyrrole, thiophene, and furan are the most important examples of this kind of aromaticity, although furan has a lower degree of aromaticity when compared to the other two. The aromaticity can also be shown by canonical forms, (e.g., for pyrrole):




The fifth atom may be carbon rather than a heteroatom, if carbon has an unshared pair (as in an anion). Cyclopentadiene is known to react with a suitable base, and loss of a proton to give a carbanion that is aromatic and therefore quite stable, although it is reactive to alkylating agents and electrophilic reagents.




Which one of the following compounds is aromatic?




Tropylium bromide (1), which could be completely covalent if the electrons of the bromine were sufficiently attracted to the ring, is actually better viewed as an ionic compound. Tropone (2) is another seven-membered ring that shows some aromatic character. This molecule would have an aromatic sextet if the two C=O electrons stayed away from the ring and resided near the electronegative oxygen atom. In fact, Tropones are stable compounds.


The metallocenes (also called sandwich compounds) constitute another type of five membered aromatic compounds in which two cyclopentadienide rings form a sandwich around a metal. The best known of these is ferrocene. Other metallocenes have been prepared with Co, Ni, Cr, Ti, V, and many other metals.
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Other Systems Containing Aromatic Sextets
Simple resonance theory predicts that pentalene (5), azulene (6), and heptalene (7) should be aromatic, although no nonionic canonical form can have a double bond at the ring junction. Molecular orbital calculations show that azulene should be stable but not the other two.



The 3,8-dibromo and 3,8-dicarbomethoxy derivatives of 7 are stable in air at room temperature, but are not diatropic. A number of methylated heptalenes and dimethyl 1,2-heptalenedicarboxylates have also been prepared and are stable non-aromatic compounds. Pentalene and its methyl and dimethyl derivatives have been formed in solution, but they dimerize before they can be isolated.

AROMATIC SYSTEMS WITH ELECTRON NUMBERS OTHER THAN SIX
The special stability of benzene is well recognized, and this stability is also associated with rings that are similar, but of different sizes, (e.g., cyclobutadiene (13), cyclooctatetraene (14), cyclodecapentaene (15), and so on.




1-Systems of Two Electrons
A three-membered ring with a double bond and a positive charge on the third atom (the cyclopropenyl cation) is a 4n‏+2 system and expected to show aromaticity. cyclopropenone and several of its derivatives are stable compounds.



2- Systems of Four Electrons: Antiaromaticity
The most obvious compound in which to look for a closed loop of four electrons is cyclobutadiene (13). Hückel’s rule predicts no aromatic character. Cyclobutadienes display none of the characteristics that would lead us to call them aromatic, and there is evidence that a closed loop of four electrons is actually antiaromatic. An antiaromatic compound may be defined as a compound that is destabilized by a closed loop of electrons. It is now clear that 13 and its simple derivatives are extremely unstable compounds with very short lifetimes unless they are stabilized in some fashion. The structures of 13 and some of its derivatives have been studied a number of times using the low-temperature matrix technique. The ground-state structure of 13 is a rectangular diene, The cyclobutadiene molecule is not static. There are two forms (13a and 13b) that rapidly interconvert.




There are some simple cyclobutadienes that are stable at room temperature for varying periods of time. These either have bulky substituents or carry certain other stabilizing substituents, such as seen in tri-tert-butylcyclobutadiene 17. Such compounds are relatively stable because dimerization is sterically hindered. 




Other systems that have been studied as possible aromatic or antiaromatic four-electronsystems include the cyclopropenyl anion (20) and the cyclopentadienyl cation (21). With respect to 20, HMO theory (Hückel Molecular orbital ) predicts that an unconjugated 19 is more stable than a conjugated 20. So that 19 would actually lose stability by forming a closed loop of four electrons.



In the case of 21, the ion has been prepared and shown to be a diradical in the ground state. Evidence that 21 is not only nonaromatic, but is antiaromatic comes from studies on 22 and 24. When 22 is treated with silver perchlorate in propionic acid, the molecule is rapidly solvolyzed (a reaction in which the intermediate 23 is formed). Under the same conditions, 24 undergoes no solvolysis at all; that is, does not form. If 21 were merely nonaromatic, it should be about as stable as 23 (which of course has no resonance stabilization at all). The fact that it is so much more reluctant to form indicates that 21 is much less stable than 23. 



Sestem of six electrons (n=1)
Example: 
a) Benzene , b)  Cyclopentadienyl,  c) cycloheptatrienyl cation (tropolium ion)




Systems of Eight Electrons
Systems of Ten Electrons
Systems of More Than Ten Electrons: 4n ‏ 2 Electrons
Systems of More Than 10 Electrons: 4n Electrons

Aromaticity in Charged Rings
There are striking stability relationships owing to aromaticity in charged ring systems. The HMO energy levels that apply to fully conjugated planar three to nine-membered rings. These energy levels are applicable to ions as well as to the neutral annulenes. A number of cations and anions that are completely conjugated planar structures are shown in Scheme below. Among these species, the Hückel rule predicts aromatic stability for cyclopropenium ion (A), cyclobutadiene dication (C), cyclobutadiene dianion (D), cyclopentadienide anion (F), cycloheptatrienyl cation (tropylium ion, G), the dications and dianions derived from cyclooctatetraene (I, J) and the cyclononatetraenide anion (K). The other species shown, which have 4n π electrons, are expected to be quite unstable. These include cyclopropenide anion (B), cyclopentadienyl cation (E), and cycloheptatrienide (H). 


Scheme 1: Conjugated Cyclic Cations and Anions

There is a good deal of information about the cyclopropenium ion that supports the idea that it is exceptionally stable. It and a number of derivatives can be generated by ionization procedures. The cyclononatetraenide anion is generated by treatment of the halide 25 with lithium metal.




Ionization of 3,4-dichloro-1,2,3,4-tetramethylcyclobutene in SbF5-SO2 (antimony pentafluoride) at −75°C results in an NMR spectrum attributed to the tetramethyl derivative of the cyclobutadienyl dication.




Cyclooctatetraene is reduced by alkali metals to a dianion. The NMR spectrum is indicative of a planar aromatic structure.




A dication derived from 1,3,5,7-tetramethylcyclooctatetraene is formed at −78°C in SO2Cl by reaction with SbF5. Both the proton and carbon NMR spectra indicate that the ion is a symmetrical, diamagnetic species, and the chemical shifts are consistent with an aromatic anisotropy. At about −20°C, this dication undergoes a chemical transformation to a more stable diallylic dication.




Reduction of the nonaromatic polyene [12]annulene, either electrochemically or with lithium metal, generates a 14 π-electron dianion. The NMR spectrum of the resulting dianion shows chemical shifts indicative of aromatic character, even though steric interactions among the internal hydrogens must prevent complete coplanarity.
















THE RULES OF RESONANCE

One way to express the actual structure of a molecule containing delocalized bonds is to draw several possible structures and to assume that the actual molecule is a hybrid of them. These structures are called canonical forms, but they are not real structure. Drawing canonical forms and deriving the true structures from them is guided by certain rules, including the following:
1. All the canonical forms must be bonafide Lewis structures. For example, none of them may have a carbon with five bonds.
2. The positions of the nuclei must be the same in all the structures. This means that when drawing the various canonical forms, the electrons are simply arranged in different ways. For this reason, shorthand ways of representing resonance are easy to devise:






In most resonance, s bonds are not involved, and only the p or unshared electrons are utilized. This finding means that writing one canonical form for a molecule, allowed the others to be written by merely moving p and unshared electrons.
3. All atoms taking part in the resonance, (i.e., covered by delocalized electrons), must lie in a plane or nearly so. This, of course, does not apply to atoms that have the same bonding in all the canonical forms. Maximum overlap of the p orbitals leads to the planarity.
4. All canonical forms must have the same number of unpaired electrons. Thus the diradical structure ●CH2CH=CH-CH2● is not a valid canonical form for butadiene.
5. The energy of the actual molecule is lower than that of any form, so delocalization is a stabilizing phenomenon.
6. All canonical forms do not contribute equally to the true molecule. Each form contributes in proportion to its stability, the most stable form contributing most.
Resonance structures are used to convey the structural and electron distribution consequences of conjugation and delocalization. Resonance structures portray increased electron density between C(2) and C(3), but only in structures that have fewer bonds and unfavorable charge separation. 





Another examples:
The chemical reactivity of propenal is representative of α,β-unsaturated carbonyl compounds. The conjugation between a carbon-carbon double bond and a carbonyl group leads to characteristic reactivity, which includes reduced reactivity of the carboncarbon double bond toward electrophiles and enhanced susceptibility to the addition of nucleophilic reagents at the β carbon. The anion formed by addition is a delocalized enolate, with the negative charge shared by oxygen and carbon.




Methoxyethene (methyl vinyl ether) is the prototype of another important class of compounds, the vinyl ethers, which have an alkoxy substituent attached directly to a double bond. Such compounds have important applications in synthesis, and the characteristic reactivity is toward electrophilic attack at the β-carbon.





THE RESONANCE EFFECT
Resonance always results in a different distribution of electron density than would be the case if there were no resonance (i.e., the electrons are dispersed over several atoms rather than concentrated on one atom). For example, if A were the actual structure of aniline, the two unshared electrons of the nitrogen would reside entirely on that atom. The structure of A can be represented as a hybrid that includes contributions from the canonical forms shown, indicating that the electron density of the unshared pair does not reside entirely on the nitrogen, but is spread over the ring. However, the charge distribution is such that most of the electron density resides on nitrogen. The decrease in electron density at one position (and corresponding increase elsewhere) means that the NH2 contributes or donates electrons to the ring by a resonance effect (“electron releasing,” although no actual contribution takes place), and is called the resonance or mesomeric effect. To emphasize this point, the canonical forms associated with A indicate electron release from the nitrogen to the benzene ring (the mesomeric effect), and do not necessarily indicate that there are four canonical forms.
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