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The barriers to internal rotation in the oc,oc'-di-X-2,4,5,6-dichloro-m-xylenes (X = CI, Br, I) 
are determined by proton magnetic resonance bandshape analyses. Their magilit~ides are 
experimental evidence for the calculated conformation of the activated rotational state of the 
benzal halides, in which the C-H bond of the side chain is predicted to lie in a plane per- 
pendicular to tile aro~natic nucleus. The synthesis and the barrier to rotation in 2,6-dichloro- 
benzal iodide are reported. 

On a determine. par I'analyse de la forrne des bandes de r.m.n., les barrieres a !a rc:atioi~ 
interne dans les 2 , ~ ' - d i - X  diciiloro ill-xylenes-2,4,5,6. On deduit des valeurs observees gue les 
molCcules existent dans la conformation calculee pour I'etat rotationnel active des halogCriures 
de benzal dans lesq~iels le lien C-H de la chaine iaterale serait dans un plan perpeiidiculaire 
au noyau aromaiiqi~e. On rapporte la synthese et les barrieres a la rotation dam I'iodiire de 
dichloro-2,6 benzal, [Traduit par le journal] 

A recent analysis ( 1 )  of the long-range spin- 
spin co~~pl i l ig  constants in benzal fluoride and its 
dichloro derivatives shows that its ground state 
conformation is B and that the barrier to internal 
rotation is substantially less than 0.5 kcal/mol, 
in agreement with an  ab it~itio molecular orbital 
prediction of 0.18 kcal/mol(2) for the barrier and 

X = I;, C1, Br, I 

Y = W, C1, Br 

of 1 as the low energy form. As the size of the 
substituents X and Y in 1 increases, the barrier 
naturally rises (3) until for 2,6-dichlorobenzal 
iodide the free energy of activation, AG*, be- 

and approximate potential energy calculations 
( 5 )  suggest a high energy conformation, 2,  in 
which a C-X bond eclipses the C-Y bond. 

 more accurate classical calculations (3, 6) pre- 
dict 3 as the high energy form and give reasonably 

3 

X = CI, Br, 1 

Y = CI, Br 

21.05 * kcal/mol near 377 "K (see good agreement with the observed barriers to in- 
below). ternal rotation.' However, the computational 

All compounds 1 have the indicated ground 
state conformation, as have those in which two lCNDO/Z and INDO (7a) in this lab- 
or three CHC12 grollps are spaced by at  least one oratory using the geometries predicted by the classical 
ring halogen substituent (4). Moiecular nlodels model, yield 3 as the /o i l  energy conformation. 
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PEELING ET AL.: ROTATIONAL BARRIERS 241 5 

complexities demand some approximatiolls (6) 
and consequently it seems desirable to obtain 
experimental evidence for 3 as the transition 
state in the internal rotation process. This can be 
done by the following indirect approach. 

Of course, the high energy form is not ob- 
servable. However, if 3 is the transition state for 
the C H X ,  group, the eclipsed conformation 2 
being of lower energy, it follows that the benzyl 
hal~de,  4, whose transition state is the eclipsed 

conformation, 5, must have a considerably 
lower barrier to internal rotation than do the 
benzal halides. This conclusion is reasonable be- 
cause the calculations predict that 6 (OC,60" inter- 
action) has a s~~bstantial ly lower potential energy 
than 7 (3OC,30" interaction). Furthermore, a 

Y..  . . . x-C.. . .Y -  SO" 
0" X 

I 

Y ..... C.. . ..Y 

x y y x  

6Oo,6O" interaction as in 1 represents a near-zero 
potential energy (see calculations below), so that 
the eclipsed form 5 for the benzyl halide will 
hardly be of higher energy than 6 for the benzal 
halide. 

The barrier in the symmetrical benzyl halide, 
4, is not accessible to line-shape fitting methods. 
Therefore the more conlplex compounds 8, 9: 10, 

were prepared. Insofar as the CH,X groups with- 
in a given molecule can take on independent 
orientations, the protons in different methylene 
groups (8 and some forms of 10) or  within the 
san,e methylene group (9 and some forms of 10) 
need not be isochronous. Thus, for 9 the two 
forms I1 and 12 can display two distinct [AB], 

1 I cis 12 trans 

proton magnetic resonance spectra. Rapid rota- 
tion of the C H , X  groups on the time scale de- 
fined by the extent of the anisochronicity within 
one [AB], spectrum and between the two [AB], 
spectra leads to a single peak A, and the line 
shape at  intermediate rotational rates contains an 
extractable rate constant. 

For reasons described below, only AG* could 
be found and that only for 9 ( X  = C1, Br; I). Yet 
the r e s ~ ~ l t s  suffice as an indirect demonstration of 
the conformation of the rotational transition 
state i11 the benzal halides. In addition, the bar- 
rier to rotation in the 2,6-dichlorobenzal iodide 
is measured and calculated. 

Experimental 
Pcepnrutiorz of Co1~1po~mr1.s 

iu j  2,6- Dirl~loroher~zd ioiiicle (70) 
2,6-Dichlorobenzaldehyde (10 g). 20 1111 of hydrazine hy- 

drate, and 50 n ~ l  of CCI, were refluxed for 1.5 11. On 
cooling, white needi:s precipitated and the mixture was 
filtered after the addition of 5 0  ml of H,O. The needles 
were washed with H,O, dried by suction, and were added 
to 3 0  rnl of CCI, and 70 ml of N(CH,),. On addition of 
25 g of I ,  in ether, a gas evolved rapidly. The s o l ~ ~ t i o n  was 
bashed with 100 nil volun~es of 5% aqueous N a 2 S 2 0 3 ,  
3 N H C I ,  5% aqueous K,CO,, and H,O. The solution 
was dried over K,CO,, filtered, the solvent boiled off, 
leaving a red oil which was extracted twice with 5 0  ml 
portions of absolute ethanol. The product was a brown 
powder. 

i b )  Thc 9,~'-Di/?nloxj~lene Deriuntires 
Compounds 8 ( X  = C1) and 9 ( X  = CI) were obtained 

from Aldrich; compound 10 (X = CI) was prepared from 
mesitylene (4). The bromine derivatives of 8, 9, alid 10 
(X = Br) were prepared by slow addition of an aqueous 
solution of KBr to boiling acetone s o l ~ ~ t i o n s  of the cor- 
responding chlorides. After refluxing for 2 h the solution 
was poured into water and the precipitate was collected 
and recrystallized from ethanol (for the bromine derivative 
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TABLE 1. Physical characteristics of ring chlorinated a$'-xylyl halides and 
rx,af,a"-mesityl halides 

-- 

Melting point M o l %  Chemical shift? 
Comvound * PC) (solvent) (P .P.~ . )  

1 (toluene-d,) 
1 (toluene-d,) 
Insoluble 
1 (toluene-d,) 
1 (toluene-d,) 
1 (toluene-d,) 
1 (CS2) 
1 ( '32) 
0.25 (CS2) 

*p-CI means x,~,2,3,5,6-hexacl1loro-~?-xylene, 
,?I-xyiene etc. 

tRelative to internal tetramethylsilaile at 32 

of 10 the exchange was repeated four times, recrystalliza- 
tion from CCI,). 

For the iodine derivatives of 8, 9, and 10, acetone solu- 
tions of the chlorides were added to acetone solutions of 
Nal and the mixtures were poured into water. The precipi- 
tate was collected and recrystallized from CCI,. Chemical 
shift and 1~1.p. data for these compounds are collected in 
Table 1. 

Proton Magnetic Resonance Spectra 
( a )  2,6-Dichlorobmzal Iodick 
A 7 moly, solution in 1,2,3-trichloropropane, contain- 

ing a sn~all  amount of hexamethyldisilane, was not sealed 
for reasons of safety. Proton magnetic resonance spectra 
were calibrated on an HAlOOD spectrometer at  sweep 
rates of 0.02 or 0.05 Hzls. The homogeneity of the mag- 
netic field was monitored by the appearance of those res- 
onance peaks (methine and the two outer peaks of H, cor- 
responding to rrx and [J[J spin states of H, and H,) whose 
width was independent of the exchange rate. Tempera- 
tures were meas~~red as described previo~~sly (8). Falrly 
rapid decon~position occurred above about 110 ̂ C. 

( b )  The r,r*'-Di/~alo,~y/er~e Deriuatices 
Solutions of 9 (X = Br, 1) (1 molz )  in toluene-d,, con- 

taining a very small amount of CH,C12 for monitoring 
nlagnet homogeneity and tetramethylsilane as a locking 
material, were used at temperatures down to -90 -C. For 
X = C1, a 0.5 mol% solution in toluene-d, was used for 
reasons of solubility. No other suitable low-temperature 
solvent was found for 9. 

For 8 (X = I) no solvent was found: but for 8 (X = C1, 
Br) very dili~te solutions in toluene-d, could be cooled to 
- 80 ' C .  Some broadening of the spectral peak at - 80 'C 
may have arisen, not from a rate process, but from 
partial precipitation of the solute. 

The solubility of 10 (X = C1, Br, I) at low temperatures 
was insuficient for spectral work. 

Results and Discussion 
2,6-Dicl2lorobe!7zal Iodide 

( a )  Spectral Paranieters at Low Rotation 
Rates 

Near ambient temperatures the rate of con- 

ni-1 means a,a ,-diiodo-2,4,5,6-tetrachloro. 

' C .  

FIG. 1. The proton magnetic resonance spectrum at 
100 MHz and 50.6 'C  of a 7 moly, solution of 2,6-di- 
chlorobenzal iodide in 1,2,3-trichloropropane. The solu- 
tion was undegassed and the chemical shift scale is in Hz 
to low field of internal hexamethyldisilane. The labelling 
refers to structure 13 of the text. 

version from I3 to its superiinposable mirror 
image 14 is low ecough for observation of an  
ABCD proton spectrum at 100 MHz (see Fig. 1).  
The spectral parameters at  33.0 and 50.6 "C are 
given in Table 2 as obtained from the program 
LAME (9). T o  within expe,imental error the 
spin-spin coupling constants are temperature in- 
dependent. The shift between PI, and ti,, whose 
Larmor frequencies define the sites between which 
exchange occurs, does not change over this tem- 
perature range. The resonance frequency of H, 
is the same in 13 and 14 and therefore its peaks 

do not broaden at  intermediate exchange rates. 
The two outer peaks of Hc are not broadened by 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

H
A

R
B

O
R

 B
R

A
N

C
H

 O
C

E
A

N
O

G
R

A
PH

IC
 o

n 
11

/1
0/

14
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



PEELING ET AL.: ROTATIONAL BARRIERS 

TABLE 2. Spectral parameters and free energies of rotational 
activation for 2,6-dichlorobenzal iodide, 7 mol % in 

1,2,3-trichloropropane 

Value at 

Parameter 33.0 "C 50.6 "C 

V A  * 732.24 (0.006)1- 731.29 (0.005) 
V B  716.21 (0.006) 715.28 (0.006) 
V c  703.68 (0.007) 702.43 (0.006) 
V D  725.384 (0.007) 726.01 (0.005) 
"JAB: 1.28 (0.008) 1 .27 (0.007) 
3 J ~ c  8.07 (0.008) 8.10 (0.008) 
3 J ~ c  8.12 (0.008) 8.11 (0.007) 
' J A D  0.54 (0.008) 0.53 (0.007) 
' J B D  0 -0.01 (0.008) -0.02 (0.007) 
' JCD 0 -0.02 (0.008) - 0.04 (0.007) 
Root mean square error 0.0123 0.0110 
Largest error 0.035 0.022 
Lines assigned 32 32 

AG+ 
T YK) k (s-') (kcal/mol) 

366.5 2.25 _+ 0.15 21.02 i 0.08 
378.9 6.25 _+ 0.75 20.98 _+ 0.11 

11.5 _+ 1 .5  
-- 

390.2 21.16 + 0.11 

*In Hz at 100 MHz to low field of internal hexamethyldisilane. 
tProbable errors, to be multiplied by a factor of 3 to 5. 
$In Hz. 
§Not necessarily different from zero. 

the rate process because they correspond to ax 
and pp states for HA and H,. These Hc peaks 
and the H, peaks serve as convenient measures 
of the linewidth corrections, T,, applicable to the 
exchange-broadened spectra. 
(6) Free Energy of Acfivatior~ (AG*) 
Decomposition occurs fairly rapidly above 

110 "C. Exchange-broadened spectra were ob- 
tained at 93.3, 105.7, and 117.0 "C, coalescence 
occurring above 120 "C. Rate constants were ob- 
tained by matching complete spectral lineshapes 
with those calculated by the program DNMR2 
(10, 11). Rate constants and AG* values at the 
three temperatures are given in Table 2. The 
errors are the linearized relative statistical errors 
(1 2), including those arising from uncertainties in 
both the rate constants and in the temperatures. 
Slow decomposition occurred at  temperatures 
above 90 "C, so that insufficient data could be 
collected for a reliable determination of AH' and 
AG'. However, in 2,4,6-tribromobenzal bromide 
A S *  is zero within experimental error (3) and one 
may assume a similar value for 2,6-dicliloro- 
benzal iodide. 

l c )  Con~parison 1t.it11 P o t e ~ f i u l  Et~ergy 
Calculatio~s 

The method of calculation (6) allows the de- 
formation of the bond angles indicated in 13, the 
stretching of the C-C, bond, and for the non- 
bonded interactions via a 6-12 potential. The re- 
sults2 are given in Table 3. The calculated barrier 
of 21.7 kcal/mol is 3x higher than the observed 
value of 21.0, rt: 0. I ,  kca!/mol. 

When o = 60G, a C-I bond eclipses a C-Cl 
bond (see 6) and the potential energy relative to 
the ground state is then 7 6 x  of the transition 
state energy at  o = 90" (see 7). When o = 30G, 
one C-I bond lies in a plane perpendicular to 
the aromatic ring and the energy is 34% of the 
transition energy. To zero order the energy of the 
transition state for a CH21 group should then be 
55% of that for a CHI, group, when both are 
flanked by C-Cl bonds on the ring. Thus the 
barrier for a CH21 group may lie near 21.0 x 
0.55 = 11.5 kcalimol, while for CH2CI it may 
be near 15.3 x 0.55 = 5.4 kcalimol (3). These 

'Details of the calculations are available from the 
authors. 
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2418 C 4 N .  J .  CHEM. VOL. 5 2 ,  1974 

TABLE 3. Conformational energy calculations for 2,6-dichlorobenzal iodide.* 
. -p-p.-.-p-..-p. 

- -- 

Bond angles (deg) 

a (deg) LC,-c, E B Y Enb El Ee E Ere1 

0 1.510 124 125 113 -1 .00 0.08 1.57 0.65 0.00 
30 1 ,525 122 131 118 1.48 0.31 6.16 7.95 7.30 
60 1 ,545 124 135 121 4.58 0.84 11.85 17.28 16.62 
90 1.560 133 133 121 6.79 1.41 14.15 22.35 21.70 

- 
*Definitions of symbols used: iCl-,, - bond length C1--CZ in A ;  Enb - sum of nonbonded interactions; El = energy for deformation of 

C , - C ,  bond;  Ee - sum of bond bending energies; E = En, - El - Ee in kcal/niol: w = 0" when the C,-H bond lies in  plane of aromatic 
ring. Further definitions are given in the explanation of structure 13 in the text. 

values are high enough for extraction by a line- 
shape analysis and are the subject of the next 
section. 

Barriers to Rotatioi? in I?I-C,CI, ( C H ,  X )  , 
(X = C1, Br, I )  

( a )  Spectral Characteristics and Assignr?le~tr 
In principle, 11 and 12 each possess ABB'A', 

i.e. [AB], resonance spectra (13). Their appear- 
ance will be dominated by the large ,JAB coupling 
within a methylene group because the coupling 
between protons in different groups is at  least ten 
times smaller than 'JAB (14. 15). 

In the event, at  low enough temperatures the 
spectrum of each compound displays an AB quar- 
tet and, superimposed on the low-field tall peak of 
this quartet, there occurs a peak of relatively low 
intensity. The linewidths are about 1 Hz, sug- 
gesting the presence of ~~nresolved long-range 
coupling between protons in different methylene 
groups. The quartet with a relatively large in- 
ternal shift may be assigned to one conformer, 
11 or  12. and the single peak must then represent 
a tightly coupled AB quartet from the other, less 
abundant, conformer. A probable assignment 
can be made as follows. 

Electric fields (16, 17) f r o ~ ~ l  the bond dipoles in 
11 and 12 can cause relative chemical shifts of the 
methylene protons of less than 0.01 p.p.n.1. A de- 
tailed consideration of molec~:lar sizes and pack- 
ing. and of aromatic solvent induced shifts (18) 
suggests that the magnetic anisotropy of the 
toluene-d, solvent molecules causes the internal 
chemical shifts in 11 and 12 and that HB in the 
cis form experiences a net shift to high field. Such 
considerations are consistent with the observa- 
tion of no internal chemical shift in 8 at  consider- 
ably lower temperatures than those needed for 
spectral coalescence in 11. Intra~nolecular electric 
fields are again insufficient as causes of internal 
shifts in 8 and the barrier to rotation will be al- 
most identical in the nwta and para isomers, 

buttressing effects being rather small in even 
more crowded compounds (5, 19, 20). 

The above interpretation of the observed shifts 
implies the higher stability of the cis form, 11, at 
the temperatures in Table 4. Intramolecular elec- 
tric fields or  nonbonded interactions (17) are not 
large enough to reproduce the AGO values in 
Table 4 but the more polar form, 11, is stabilized 
by the aromatic solvent by as much as 0.5 kcall 
mol(21-26). The AGO values in Table 4 are then 
expected and observed to increase in the order 
C1> Br > I. The cis form, 11, is the11 more stable 
than the tranc form. 12. 

l b )  Extractiorz o f  Rate Constants and 
Rotatiorzal Barriers 

The chemical shifts and proton-proton cou- 
pling constants of the methylene protons are 
given in Table 4. The latter are no doubt negative 
and their magnitudes have the same relative or- 
der as those in the corresponding methyl halides 
(27) and in some benzyl halide derivatives (28). 
The relative stabilities are presented as AGO 
values, obtained by simulation of the well- 
defined quartet and s~~btrac t ion of this area from 
the total area of the observed spectrum. 

The exchange process occurs between c, t ,  c', 
and t '  (Scheme I) and the spectral types of each 
form are indicated as ABB'A' etc. The com- 
plexity of the process and the moderate quality 
of the spectra dictated an  approximate treatment 
of the data, yielding AG* at  the coalescence tem- 
perature of the well-defined quartet. The ex- 
change broadened spectra were simulated with 
the program ABXFIT (29) and the fitting method 
gave the rate of interconversion of c and c' .  At 
equilibrium one has p,k,, = p,k,, = p,k,,, = 
k '  = p,k,,., etc. The sum of the fractional popu- 
lations, p,  is unity and therefore the rate of the 
AB exchange is 
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PEELING ET AL.: ROTATIONAL BARRIERS 

TABLE 4. Spectral parameters, relat~ve populat~ons, and rate data for 
c(,a'-drhalo-2,4,5,6-tetrachloro-nz-xylenes 

-- - - -- -- 

Value 

Parameter 
. ~ 

Cl ('K) 

378.9 (161) 
390.7 
382.3 
11.8 i- 0.5 
1.260 i 0.100 (185) 

Br ('K) 

*Shift i n  Hz at  100 MHz to low field of Internal TMS, temperature i n  brackets; the center of the resonance of the less abun 
dant isomer is given as  v. 

+The subscripts ct refer to  the cis and ?run, Isomers, 11 and 12, of these compo~lnds:  see also Scheme l .  

ABB'A CDC'D' 

DCD'C' BAA'B' 

Noting that, for example, kc ,  is the rate constant 
for the conversion of c to t ,the rate constants and 
AG* values in Table 4 can be deduced. 

Generous errors of 25 to 33% in the rate con- 
stants and of k2  "C in the temperatures were 
treated by Binsch's method (12) to obtain the 
quoted errors in AG*. For the reasons given 
above, the AGO values will likely decrease as the 
temperature increases, so that AGCti and AG,," 
will likely converge at  higher temperatures. 

sponding benzal halides (3). Thus, AG= in 2,6- 
dichlorobenzal iodide is 2! .0, kcal/mol and 
(AGct* + A G , , * ) / ~  is 12.0, kcal/mol in R,cI.'- 

diiod0-2,4,5,6-tetrachloro-171-xylene. The AG* 
values are measured at  wldely different tempera- 
tures for the varlous compounds (3) and we take 
the constant ratlo of 60",or X = C1, Br, I as a 
strong lndlcatlon of very small AS* magnstudes 
in the hlndered internal rotations. Therefore the 
potentla1 energy calculations can be equated to 
AG* values with some confidence 

In  our opinion these results are evidence for 
the conformation, 3 or 7 ,  of the activated rota- 
t i o ~ ~ a l  state of the benzal halides. 

We are grateful to the National Research Council of 
Canada for financial assistance. 
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