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Substituent Effects in Electrophilic Aromatic Substitution
 
 Helrnuth Gllow Southwestern at Memphis 2000 North Parkway Memphis. Tennessee 381 12
 
 I
 
 A laboratory in organic chemistry
 
 Students appear to be most interested, and learn more, from laboratorv exneriments which illustrate a n u m b e r of t h i n e s usually covered in lecture o r discussion from a theoretical viewpoint, have some flexibility so that all the students do n o t do t h e s a m e thing, c a n be completed in a reasonable length of time. a n d a r e o o e n e n d e d to allow s t u d e n t s to develoo their own experiments: ~ h e s are e some of the reasons why tAe acid catalvzed bromination of aromatics with hvoobromous acid w a s developed i n t o a n e x p e r i m e n t suitable for t h e beginning organic laboratory.
 
 -
 
 . .
 
 ..
 
 The acid catalyzed bromination of aromatics with hypobromous acid is a well known eledrophilic ammatic substitution reaction. This reaction and its mechanism. which has been recentlv reinvestieated I l l , is usunlly not dwusred in heginning organic texts hut mn he readily related u, other elpctrophilir arcmatic xuhrtitution reactions with whieh the beginning organic student is familar. Suhstituent effects for this hrominatian reaction are similar to the familar nitration with concentrated nitric and sulfuric acid reaction (2). The relative rate of bromination of some substrates listed in the table can be determined by allowing equal molar amounts of two acid in substrates t o comoete far a limited amount of hvoobromous . an arid medium. l a m e r dratrlhutmn and the relative reactivrty of the suhrtrater ran be determined by gns rhmmam~raphicanalyrisof the reaction mixture. Nurmally enrh student is nsslgned two substrates from c ~ t h e group r A, R, or C.The expprmentnl work ran easily he completed in one-half to one how. The limiting fartor is the length of time needed for gas chromatographic analysis which varies eonsiderably depending on the number of students, availability of instruments, and efficiency of analysis.
 
 .
 
 Procedure
 
 The Acid Catalyzed Bromination o f Aromatic Substrates with Hypobromous Acid Use a hood to prepare a 50% solution of aqueous 1,4-dioxane by the addition of 10 ml of l&dioxane and 10 ml of aqueous sulfuric acid in a 50-ml Erlenmeyer flask (suitable concentrationsof sulfuricacid are given in the table). A suitable micro syringe is used t o add 2.8 X mole of each of the two aromatic substrates for which the relative rates and isomer distributions are to he determined. Swirl the flask to effect solution of substrates. (Suitable combinations of substrates and volumes of samoles are eiven in the table.) T o this solution is added 3 ml of aqueous hypobromous acid with swirling ul assure good mixing of the reagents. (Aqueous solut~onrof hmohromoua acid can he prrpared by mixingequal volumesof0.2 M arlurousbromin~and 0.2 M silver nitrate. The mixture is filtered and stored in the refrigerator in a brown bottle. The solution should be prepared freshevery two or three days. If each student does two relative rate determinations 200 ml of aqueous hypobromous acid is sufficient for 30 students.) Place the solution in vour desk for 10 min to orotect the reaction from light and then add 0.5 ml of carhon tetmchlorrde. Shake vgorwsly nnd allow the earhon tetrachloride layer to separate. Cae a dropper to withdraw aportion of the carbon tetrachloride layer and place in a small test tube or other small container. This sample which contains mostly solvent, considerable amounts of starting material, and brominated products; is analyzed on the gas chromatograph by iniectine 1ul of the solution. .To ilkrt;atr the farr that a different elertrophile may alter the relative rnteas well as isomer distribution follow the proceduregiven nhcw comparing the rractivity of 1.2-dimethyll,enzne and 1.3Presented at the 27th Smtheaat-Sourhwcst Regional ACS Meeting, M~mphis.Tennessee. Octuher 29-31. 1975. 450 1 J o m i of ChemIcai Education
 
 dimethylbenzene but instead of adding 3 ml of aqueous hypobromous acid add 1.0 ml of 0.2 M aqueous bromine solution. (Do under a hood.) G a s Chromatographic Analysis A Hewlett-Paekard Model 700 instrument witha flaine detector was used with the following conditions: Column, 6 ft X % i n , 10% FFAPan 801100mesh ebromosorb W-HP; gas; nitrogenat 24ml per min; injection part, 200°C; detector, 2W°C; column 140DC.Approximate retention times (in seconds) for the FFAP column are: benzene, 64; bromabenzene, 192; toluene, 78; o-bromotoluene, 267; m-bramotoluene, 267; p-bromotoluene, 267; ethylbenzene, 90; p-bromaethylhenzene, 327; m-bromoethylbenzene, 347; p-hromoethylbenzene, 372; isopropylbenzene, 108; o-hromoisopropylhenzene,363; m-hromoisopropylhenzene, 398; p-hromoisopropylbenzene,435; tbutylbenzene, 126; o-bromo-t-butylbenzene, 540; mlbromo-t-hutylbenzene, 471; p-hromo-t-hutylbenzene, 540; 19-dimethylbenzene, 486; 4-bromo-1,2-dimethylben114; 3-bromo-1,2-dimethylbenzene, zene, 486; l,3-dimethylbenzene, 87; 2-hromo-1,3-dimethylbenzene, 384; 4-bromo-1,3-dimethylbenzene; 384; 5-bromo-1,3-dimethylhenzene, 384; fluarobenzene, 66; o-bromofliuarbeenenn, 216; p-bromofluorohenzene, 190; chlorohenzene, 126; o-hromochlorobenzene, 525; p-bromochlorobenzene, 429; o-dihromohenzene, 918; p-dibromohenzene. 732. The o-.p-hromotduener; ,,-.p-hromo-1-butylbenzenes;and 3.. 4-brumo-1.2-dimethylhenzen~s nor separated on a FVA1' column can be separated g r n a I l k dmonglphthalate column on 80 100 mesh gas chrom Q with the following approximate retention times using conditions similar to those described above: (column temp. 6 5 T ) obramotoluene, 750; p-bramotoluene, 834; (column temp. 90%) ohromo-t-hutvlhenzene. 1092:. o-bromo-t-butvlbenzene.~. 1248: ~. 3hn,mo-1.2-dimethyIhpn7ene. 774; 4-hromo-l.2-dimethylbenirent..2 0 . m-Hromouhl~~rul~enzene and m.dihn,rnobennene can br srparared from the amespundinj: 0 - and p-isomers usmg a IOA nonylphenylpoiyoxyelhylrne ethanol on rhnmosorh W-HP. The relative rater and larmerdiatrrhtltionsara determined directly from the relative areas due to the monobrominated products found by gas chromatographic analysis using the triangulation method to determine the area under a curve. The detector reswnse of the various isomers is similar m m g h that the isomer dlstrlhutmn ralct~lntiona are nut affected mme than the txperlmentnl ernlr. R ~ l a t i wratrcalculativns may be effected hg the detertor response to the various brominated aromatics hut apparently not enough to change the order of reactivity of any of the aromatics. It should be noted that an excess of starting material should always be d m r v e d and thnt the pairs of aromatlcschosen for relative rate determinations never d~fferin relative ratr by mure lhan about I2 ~~~
 
 ~
 
 ~.
 
 .
 
 ~
 
 ~
 
 Discussion
 
 ~
 
 of Results
 
 Thearomatic substrates listed in the table were selected in order thnt a numher of the s u h s t ~ t u meffects t would be illustrated. S t ~ r i r . mdunlve, and solvntmn effects are illustrated in the reultb obtained from the bromination of the alkyl-benzenes in Group A; resonance and inductive effects in Group B; and the effect of two suhstituents activating the same or different positions in Group C. Few laboratory experiments whieh can be completed in one 3 hr laboratory illustrate so many theoretical concepts. Students are encouraged to predict the relative order of reactivity of the substrates. Being familar with the relative stability of alkyl cations and the inductive electron donating effect of alkyl groups students usually predict the relative reactivity of toluene but usually incorrectly predict the relative reactivity of the other alkylbenzenes in Grouo A. A more useful result would be the relative rateeonstant for the formmon of each isomer correrted for any r t a t i s t d facurr so thnt it may he ~ ~ t - e r t ~ i non e da per-rractive-site bask. These reln relatlw t o n hydrogen in ative rate rmrtanta fm s g ~ e posirmn
 
 Results of the
 
 Acid
 
 Catalyzed
 
 Bramination
 
 of
 
 Some Aromatic
 
 Substrates with
 
 Hypobromour Acid
 
 2.8 X 10-
 
 Substrate
 
 Group
 
 Be
 
 Fluorobenrene Chlorobenrene Blomobenzene
 
 ADproximate mole Conc.of Sample Sulfuric Volume. Acid 1N) 111
 
 26 29 30
 
 3 3 3
 
 Relative Rate"
 
 0
 
 0.53 0.077 0.050
 
 8 28 32
 
 1%)
 
 m (%)
 
 0.3e 0.5e 0.ae
 
 p (46)
 
 91 73 66
 
 fn
 
 0.12 0.066 0.048
 
 fm
 
 0.0047 0.0011 0.0012
 
 fn
 
 2.9 0.34 0.20
 
 Q r h e relative rate for benzene is 1. he remaining relative rater are an average of the rerultr obtained from the rtudentr enrolled in beginning anic chemistry in the fail of 1974 and 1975 which war about 120 rtudentr. suitable procedure which can be used t o determine relative rater of the substrates in group A ir to mix equa! molar amounts of benzene t-butylbenrene, toluene + +bvtylbenrene. toluene + i-propylbenrene, and toluene + ethylbenzene. C A suitable ~rocedure which can be urea to determine relative rates of the subrtrater in group B is t o mix equal molar amounts o f chiorobenzene + fluorbenzene, benzene + chlorobenrene, and chlorobenrene + bromobenrene. d~ Iuitable procedure which can be urea to determine relative rater of the subrtrater in g r o w B is to mix equal molar amounts of o-xylene + toluene and o-xylene + m-xylene. e~hele valuer are more difficult to obtain because of the similarity of retention timer with other Isomers and in some carer the small amount that forms. here fore there valuer are given t o the rtudentr to faciiate the gar chromatographic analysis. The iow percentages of meta isomerr are estimated amountr. 01
 
 +
 
 ZA
 
 benzene are called partial rate factors. For example, the partial rate factor far para substitution in toluene (f,.~.) is defined as ~ c ~ H fraction ~ M ~ para-substituted product fD-Me = k a.n a 116 where kCb~gM$kcabis the relative rate for the hromination of toluene compared to benzene, and the factor of 116 provides the statistical balance between the single para position in toluene and the six equivalent positions in benzene. The ortho and meta partial rate factors may he similarly defined. k C g ~ s ~(%) c fraction ortho-suhstituted product fO.ML= ~GH. 116 kCeHJMI (H) fraction meta-substituted product fm-Me =-X kca~% 116 Similar calculations may he made for other polysubstituted benzene derivatives. The decreasing fo for the series CsHsMe, CsHsEt, CsHsi-PI, and CsHst-Bu might be predicted due to the sterie effect of the suhstituents. Examination of fp shows a similar trend but the reactivity differences are not as great as in the case of fo. It is unreasonable to assume that the size of the substituents would also effect thef, as it did the f, because of the much greater distance involved. From the f, it must be concluded that the order of reactivity of the alkylhenzenes is Me > E t > i-Pr > t-Bu which is opposite to the inductive order and is often referred t o as the Baker-Nathan order. The surprising order of reactivity has engendered much experimental work and controversy some of which is discussed in reviews concerning hyperconjugation (3).Recent theoretical molecular orbital calculations (4) and experimental results (5) now appear t o support the contention that this reverse order of reactivity may he due primarily to a differential inhibition of solvation of the transition state by the alkyl suhstituents ( 6 ) ,however, the idea that solvation enhances C-H hyperconjugation as well as similar related ideas may not he discounted (7). This illustrates the importance of solvation effects and also how new approaches t o a n old problem can help solve a dilemma. The data ohtained for the aromatic halides in Group B illustrate the relative importance of resonance and inductive effects which is covered in some detail in most beginning organic teats. The greater reactivity of fluorabenzene indicates the importance ofthe similarity in size of the suhstituent and the *-orbitals of the aromatic ring allowing for more overlap and hence greater reactivity. Calculation of the partial rate factors points out that although the relative rates of the halobenzenes are Less than one, f , . ~ is greater than one and therefore more reactive than benzene. The relative reactivity of the xylenes (Group C)illustrates the effect of two substituents activating the same or different positions as well as sterie inhibition a t the 2-position of 1,3-disuhstituted benzenes. Bromination of the xylenes can also he studied in a short period of time using molecular hromine rather than hypobromous acid. Dif-
 
 -~
 
 ~
 
 ~
 
 Plot of iog fo and log f, against 8 for the acid catalyzed bromination of am-
 
 matics with hypobromw~acid.
 
 ferences in relative reactivity and isomer dratrihution illurtrate that the suhstituent effeet is different for different elertn,philes. Numerous other effects can he illustrated from thedata in the tahle and the shave discussion is only intended t o point out some of them. Students are encouraged t o think of other systems which could be studied t o illustrate other theoretical concepts. The main limitation is that the substrates studied need to have similar relative rates so that satisfactow . aas . chromatoeraohic . . anslvsis can be obtained. The relntiw rater and isomer distribution for toluene and r-butylhenzene compare favorably with liceratwe values 181.it should be pointed out that the other data has not been previously published. Hammett's p (reaction constant) may he ohtained from the slope ofa o+ against logf, and logf, plot as shown in the figure. An average p = -6.3 was obtained from a class of 120 students. This compares with an average literature value of -6.2 (9).Computer analysis of the data indicated p = -6.55 0.19 and a standard deviation of 0.18.
 
 *
 
 Volume 54. Number 7, July 1977 1 451
 
 Summary This experiment is a useful exercise for the beginning organic student and illustrates such theoretical concepts as resonance, inductive, steric, and solvation effects in a laboratory experiment. students can be encouraged to predict results and then interpret their findings considering recent publications. The Hammett p constant may be determined from the slope of a oC versus log f, and log f, plot. Only therefore the overall cost of the amounts Of reagents are experiment is small. The experimental work can be completed in a relatively short time however the gas chromatographic analysis might the laboratory period if the laboratory need to be scheduled section is Large.
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