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The NMR spectra of ortho haloanilines measured in various solvents were analyzed as
ABCD spin systems and the proton chemical shifts and spin-spin coupling constants
were determined. Upon these data, solvent effects on the internal chemical shifts were
investigated. The main feature in the solvent effects was the selective deshielding of the
proton ortho to the amino substituent in polar solvents. The above shift in polar solvents
was explained by a specific solute-solvent association involving a hydrogen-bonding
formation which was competitive with the intramolecular interaction between the sub-
stituents and a polar mesomeric structure of the solute molecule was also considered for the
explanation of the variation of the other internal chemical shifts, Furthermore, the
solvent shifts in inert solvents and toluene were discussed. The proton chemical shifts
of the isolated molecules were found to have large departures from those predicted by the
additivity rule. ' ’ '

Introduction

Recently, vigorous studies have been made about the solvent effects on the nuclear.
magnetic resonance (NMR) spectra of substituted benzenes, and in certain derivatives the
spectra of the ring protons were found to be strongly affected by the nature of solvents. In
these cases, the proton shieldings alone, with little alteration of the spin-spin coupling corn-
stants, vary in specific ways dependent upon the positions relative to substituents, which
gives rise to changes in the internal chemical shifts of the related protons and a remarkable
variation in the over-all appearance of the NMR spectrum. As regards the main factors
controlling this effect, the followings were pointed out previously;? 1) purely magnetic con-
tributions due to solute-solvent interactions in the applied magnetic field, 2) polar interactions
between' solute and solvent molecules as influenced by changes in the dielectric constant
of medium, 8) steric effects due to bulky substituent groups influencing solute-solvent interac-
tions, 4) specific molecular interactions involving complex formations where solvent and solute
molecules have preferred orientations with respect to each other. '

Actual interactions in the present system, however, appear to complicatedly change
according to the degree to which the above factors are combined together. Thus, case-by-
case insights into the solvent effects are essential for better understandings of solute-solvent
molecular interactions as well as some specific factors dominating the proton shieldings.
This will be nicely illustrated by an earlier study?® of the solvent effects on a number of
para-disubstituted benzenes where the authors -have been led to a conclusion for the presence
of a specific interaction through a preferential hydrogen-bonding formation between the ring
protons and solvent molecules such as acetone or benzene. It seems, meanwhile, that the
compounds employed in the previous works, including several attempts3-3 to predict the

1) Location: Oshika 160, Shizuoka.

2) a) T. Schaefer and W.G. Schneider, J. Chem. Phys., 32, 1218 (1960); b) A.D. Buckinghum, T. Schae-
fer and W.G. Schuneider, bid., 32, 1227 (1960).

3) P. Diehl, Helv. Chim. Acta, 44, 829 (1961).

4) P. Diehl, Helv. Chim. Acta, 45, 568 (1962).

5) P. Diehl, J. Chim. Phys., 61, 199 (1964).
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‘total solvent shifts generally upon the additivity of an absolute contribution allotted to each

substituent using the data for various sorts of the derivatives, have been largely concentrated,
though with extensive modifications of substituents, on such types of molecules as mono-
substituted or para- and meta-disubstituted ones where (the analysis of the over-all spectrum
for the extraction of the chemical shifts is 31mp11ﬁed to a much extent by using molecular sym-
:metry and somewhat puzzling perturbations arising from the solvent dependent 1nteract10ns
between the substituents can be well eliminated.

In the work described here, measurements and discussions on solvent effects have been
‘'selectively made about the NMR spectra of a series of orfho-haloanilines containing the mutual-
ly interacting two substituents, one of whichis amino group, a typical hydrogen-donor, and
the other chlorine, bromine or iodine atom as known to have considerable electronegativity
and diamagnetic anisotropy. The variations in the relative chemical shifts between all the
ring protons have been carefully checked under various solvent states by using the magnetic
parameters derived from an iterative complete analysis for individual spectrum measured
at a definite experimental condition.

Experimental

The solvents employed here were, for the most part, tetrachloromethane, deuterochloroform, deutero-
bromoform, acetone-dg, dimethyl sulphoxide-d,, methanol-d,, pyridine-d;, toluene-dg. Deuterated solvents
were obtained from Merk. Tetrachloromethane may be regarded as a relatively inert solvent, capable only
of intéracting by ofdinary Van der Waals forces. Chloroform and bromoform are weak hydrogen—donors,
acetone, dimethyl sulphoxide, methanol and pyridine being strong #-type donor solvents by virtue of the
lone-pair electrons on the oxygen or nitrogen atom, while toluene is a weak n—electron donor. Methanol
can act also as a hydrogen—donor and pyridine as a n—electron donor.

Dilute solutions of the compounds in each solvent were made up, for convenience, to a uniform con-
centration of 5 mole per cent. ~Each solution contained in a 5 mm o.d. sample tube was degassed thoroughly
by the repetitions of freezing in liquid nitrogen, pumping and thawing and was sealed under a high vacuum.

The spectra were measured relative to TMS internal reference at 60 MHz using a high resolution JNM-
C-60H spectrometer. Transition frequencies were determined by averaging several independent recordings.

Internal reference method was used because of the tediousness and errors of the bulk susceptibility
corrections which are necessary with external reference method. Accordingly, caution was paid in the
interpretations of the solvent shift data such that the relatlve chemical shifts between the ring protons were
used as far as possible.

Analysis of Spectra

The analyses of the spectra for the determmatmn of the chemical shifts and spin-spin coupling constants
were performed with a refined iterative method developed by Swallen and Reilly,® of which details were in-
troduced elsewhere. Actual numerical calculations were carried out with the Tokyo University HITAC
5020 computer. A more general method by Anderson and McConnell? involves the measurement of the mo-
ments of the spectrum from which the relations between the chemical shifts are derived. However, as this
method depends on the precise measurements of the areas beneath the spectral lines, it was found to be
difficult to accurately apply to the present spectrum, although it provides some information for the most
intractable problem.

As the spin-spin coupling constants connecting benzene ring protons have known to be only slightly
affected by substituents and solvents, the main problem, then, was to find the chemical shifts of the ring
protons, and since the appearance of the spectrum depends on the relative magnitudes of the chemical shifts,
only three parameters were involved in fact. At any rate, some prehmmary informations of the magnetic
parameters were required in order to obtain correct assignments of the spectral hnes which are ‘necessary for
the determination of the energy levels of the spin state functions.

The resonance frequencies of the ring protons in the isolated solute molecule were assumed to bé in an
order of va<vc<wp<_vp because the effects of a substituent on the proton shieldings were likely to act upon
an ortho-proton more strongly than a para-proton and an amino group tends to increase the sh1e1d1ng of the
ring protons while a halogen atom reduces the shleldlng (Here, the’ rmg protons are designated as follows
throurrhout the present work). .

6) J.D. Swallen and C.A. Reilly, j. Chem. Phys., 37, 21 (1962). -
7) W. Anderson and H.M. McConnell, J. Chem. Phys., 26, 1496 (1957).
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According to this tentative relationship, the main features of the spectral changes illustra- NH,
ted in Figure 1 were attributed to the selective shift of the resonance frequency of the

A proton. For example, in the spectra of the Cl deriv. A multiplet, .e. those lines which

in a first-order spectrum approximation correspond to the spin inversion of the A proton, can B’ s

not be easily identified in inert solvents because of a slight difference between the resonance

frequencies of the A and C protons while it becomes close to a first-order spectrum pattern

in acetone and methanol which is composed of the two quartets of the 7, 8, 10, 11 lines and of the 13, 14,
15, 16 lines; the former is crossed with the lower—field doublet involved in the simultaneously simplified
multiplet of the C proton. In pyridine and dimethyl sulphoxide, it shifts further towards a low field until
all of the lines locate just between the B and C multiplets. In this case, using a first~order spectrum
approximation, [as, fac and Jap can be readily guessed from the A multiplet, Jsc and Jco from the C
multiplet, and Jcp from the D multiplet. -These approximate coupling constants were used as fixed
value in the trial-and-error simulative calculations of the spectra which were performed with the change
of the resonance frequencies of the ring protons.

Results and Discussion

The internal chemical shifts between the ring protons in several typical solvents are
summarized in Table I, the details of the observed and calculated spectra being listed in the
appendix with the best fitting magnetic parameters.

TasLe I. The Internal Chemical Shifts (cps) between the Ring Protons
and the Chemical Shifts of the Amino Protons relative
to TMS in Polar and Non-Polar Solvents

Solvent Solute vaA—7vC YD—VA YB—PA VYB—V¥C  ¥D—VB  PD—IC VNH,
CCl, I — 2,81 37.72 24.09 21.28 13.62 34.90 228.5
I — 0.42 46.33 28.24 27.82 18.09 45.91 229.3
Jil 13.97 55.36 24.92 38.90 30.44 69.33  230.2
CDBr, I — 4.62 40.72 26.14 21.52  14.58  36.10 2385
I 496  42.35 23.45 28.41 18.90 47.31 237.7
CDCl, I — 0.81 35.19 22.59 21.78 12.60 34.38 231.2
I 3.95 44.27 24.36  28.31 19.91 48.22 234.0
CeD;N I 16.56 22.38 1.87 24.43 14.51 38.94 3124
I 22,50  32.82 14.47 36.97 18.35 55.32 313.5
(CD,),CO I 9.43 25.27 1490  24.34 10.37 34.71 251.8
I 20.48 32.56 10.37 30.85 22.19  53.04 264.2
il 26.49 44.92 15.34  41.82 29.58 71.40 265.7
(CDy),SO I 16.59 19.52 9.50  26.09 10.03 36.12 250.3
CD,0D I 10.02 23.97 13.07 23.09 10.90  33.99 285.0
I 14.08 33.96 15.74  29.82 18.23 48.04 262.5

1, II and III represent chloro-, bromo- and iododerivatives, respectively.

Fig. 1 illustrates a solvent dependent change of the NMR spectra quoted from the data
for ortho-chloro and bromo-anilines which well represent the main features in the solvent
dependent shifts of the spectra of all the compounds investigated here. '

From this it can be implied that the changes of the spectra are so large asto make
meaningless the determination of the relative chemical shifts unless solvent conditions (types
of solvent and degree of dilution) are specified.

One of the profound solvent effects is that the proton ortho to the amino group is selectively
deshielded in hydrogen-bonding polar solvents such as acetone, dimethyl sulphoxide, methanol
and pyridine. An identical result has been suggested in the system of ortho-bromoaniline
plus acetone.® From the pertinent data in Table I it can be known more definitely that in a

8) S. Clough, Mol. Phys., 2, 349 (1959).
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fixed solute molecule the magnitude of an internal chemical shift »,—». of which sign is often
minus in inert solvents but plus in polar solvents tends to increase in a sequence of acetone,
methanol<pyridine. Such is also to be the case with the concurrent low-field shift of the
signal of the amino protons (The result was somewhat exceptional in dimethyl sulphoxide).
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Fig, 1a. The Spectrum of ortho-Chloroaniline Fig. 1b, The Spectrum of orého-Chloroaniline
measured in Tetrachloromethane measured in Chloroform
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Fig. 1c. The Spectrum of ortho-Chloroaniline Fig. 1d. The Specturm of othro-Chloroaniline
measured in Methanol-d, measured in Acetone~dg
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Fig. le. The Spectrum of ortho-Chloroaniline. - Fig. 1f. The Spectrum of ortho-Chloroaniline
measured in Dimethyl Sulphoxide-dg measured in Pyridine-d;
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Fig. 1g. The SpectruTI‘n of ortho-Bromoaniline Fig. 1h. The Spectrum of ortho-Bromoaniline
measured in Tetrachloromethane = measured in Methanol-d,
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Fig: 1i. The Spectrum of ortho-Bromoaniline Fig. 1j. The Spectrum of ortho-Bromoaniline
measured in Acetone-d, : mehasured in. Pyridine-d;

It seems that the above-sequence is almost parallel with the accepted order of the hydro-
gen-bonding ability of these solvents estimated by IR and NMR studies.9 Consequently, if
one assumes an approximate proportionality between the hydrogen-bond strength and the
magnitude of the deshielding of the related proton which can be explained theoretically'®
in terms of an asymmetric electric field caused by the polarization of the electrons in the
vicinity of the hydrogen-bond, it will be concluded that the origins of the present effect should
include, as a rather predominant factor, a specific ‘so_lute—solvenf association th_rough the
hydrogen-bonding formationn between the amino hydrogen of a solute molecule and the lone~
pair electrons contained in the nitrogen or oxygen atoms of the polar solvent molecules. A
preferential hydrogen-bonding interaction between the A ring proton of the solute molecule
and the surrounding solvent molecules, such that has been pointed out?® as a cause of the
solvent effect on the internal chemical shifts of the ring protons in para-disubstitued benzenes,
will be of no importance here since a polarization of the C-H- sigma bond which is favourable
for this interaction is not expected at least from the electron-releasing effect of the neighbouring
amino substituent.

The problem is, then, to investigate how the formation of such a solute-solvent association
is influenced by the steric or electronic effect of the ortho-halosubstituent which seems to be
of much interest in comparison with the similar effects observed in ortho-halophenols’) and
ortho-methyl hindered phenols.’® In the present case also, the existence of the intramolecular
hydrogen-bond between the amino hydrogen and halogen atom can be supported by the facts
that only a slight dilution shift is seen in the internal chemical shifts and that the chemjcal
shift of the amino proton of or#ho-chloroaniline is 0.3 ppm downfield from that of meta-chloro-
aniline. The strength of this bond is sure to be in an order of CI>Br as have been evidenced

'9) J.W. Emsley, J. Feeney, L.H. Sutcliffe, “Progress in N.M.R. Spectroscopy,” Vol. 3, Pergamon Press,
1967. .
10) W.G. Schneider, H.J. Bernstein and J.A. Pople, J. Chem. Phys., 28, 601 (1958).
11) C.M. Huggins, G.C. Pimentel and J.N. Shoolery, J. Phys. Chem., 60, 1311 (1956). -
12) 1. Yamaguchi, Buil. Chem. Soc. Japan, 34, 144 (1961). ‘ :
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in similar hydrogen—bonds.®)  If the formation of the above solute-solvent association is com-
petitive with this intramolecular hydrogen—bond in an isolated solute molecule, the magnitude
of the solvent dependent perturbation of the internal cheical shift », —» is expected to increase
as the strength of the intramolecular hydrogen-bond is suppressed. Such holds true with
the observed solvent dependent changes of the »,—#. in the Br and Cl derivatives.

Meanwhile, it is probable that the polar solute molecules employed here suffer the influence
of the reaction field arising in the polar or polarizable solvent in a way such that the internal
chemical shifts of a solute molcule are altered in a linear correlation with the medium dielectric
function ¢é—1/2¢+4-2.5 as theoretically derived.'® This solvent effect will be also important
in the pure liquid state of the solute molecules because of large dipole moments. In the present
case, however, such an ideal relation does ont hold good, although the internal chemical shifts,
v~ and vp,—v, definitely tend to become larger along with the increase of the solvent di-
electric constant. This discrepancy can not be explained simply in terms of a perturbation
which is given by the above solute-solvent association because the local electric field or change-
migration in the vicity of the hydrogen-bond is thought not to act so effectively as to cause
a remarkable change in the shielding of the protons meta and para to the amino group.

An explanation covering all the experimental results will be given by adding a postulation

that in polar solvents a mesomeric structure of the solute molecule, such a

N <'m> _ type as is induced and stabilized by the reaction field. This model is
— consistent with the change of the electronic structure of the solute molecule

which corresponds to the cleavage of the NHy-X intramolecuoar hydrogen-bond and the
formation of the NHy-solvent intermolecular hydrogen~bond. The negative z-charge of the
C carbon will cause the polarization of the C-H sigma bond so as more shield the C proton
in proportion to the increment of the negative z-charge and consequently give rise to the
observed increase of the internal chemical shifts »;—». and vp—.. :

A concentration dependent shift of the proton signals has been examined in the system of
ortho-chloroaniline plus acetone, When a proton of the solute molecule alternates rapidly
between two environments, in a free state (A) and in interaction with solvent (B) and both of
the states are independent of the solute concentration, the actual chemical shift » may be
expressed as y=w,-(1—£&)+w»y-% (k: the fraction interacting with solvent). The consistency
of the above equation was checked by examining whether or not a proportional relationship
holds between the chemical shifts of the amino protons and the proton ortho to the amino
group. The result was proved to be negative though a parallel relation was found. This
may be: correlated with the concentration dependent variation of the assoc1ated structure which
is induced by a polarized state of the solute molecule.

In such solvents as tetrachloromethane, bromoform and chloroform without any specific
interaction with the solute except a weak hydrogenbond formed between the ring z-electrons,1®
no drastic changes were observed in the relative chemical shifts of the ring protons. It should.
be noted, however, that the deshieldings of all the ring protons are increasing, as is shown in
Table I, in an order of tetrachloromethane< chloroform<bromoform. Furthermore, it was
known that the magnitudes of the shifts were almost same with those of the amino protons:
These facts show that the Van der Waals interactions between the solutes and solvents which
are liekly to deshield all the protons of the solute molecule to an identical extent are increasing
from solvent to solvent according to the previous sequence.

In toluene solvent, most of the chemical shifts of the ring protons relative to the TMS
internal reference move toward a high field compared with those in inert tetrachloromethane
solvent (Table IT). This can be attributed to the diamagnetic ring current effect of the solvent

) L. Onsager, J. Amer. Chem. Soc., 58, 1486 (1956); A.D. Buckingham, Can. J. Chem., 38, 300 (1960).
) G. Fraenkel, R.E. Carter, A. McLachlan and J.H. Richards, J. Amer. Chem. Soc., 82, 5846 (1960).
) G. Korinek and W.G. Schneider, Can. J. Chem., 35, 1157 (1957).
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TasLe II.  The Converged Values of the Magnetic Parameters

Solute Solvent va vB ve D .jAB Jac Jap Jsc Jep  Jep

I CCl, 388.996 413.091 391.809 426.712 7.99 1.45 029 7.33 1.49 7.98
CDCl, 395.589 418.177 396.396 430.799 8.15 1.38 0.49 7.26 1.45 7.98
CDBr, 393.013 419.154 397.635 433.737 8.11 1.46 0.17 7.37 1.39 7.86
CeD;CD;  391.955 405.898 382.509 418.069 7.95 1.52 0.30 7.31 1.47 7.95
CeD;N 411.319 419.189 394.755 433.700 7.99 1.50 0.34 7.30 1.47 7.91
(CD;),CO 405.780 420.685 396.345 431.053 7.94 149 0.28 7.33 1.44 7.89
CD,OD  404.281 417.348 394.258 428.247 7.97 1.51 0.29 7.31 1.42 '7.89
(CDy),SO  411.235 420.733 394.644 430.760 8.00 147 034 7.11 146 7.91

I CCl, 386.465 414.705 386.885 432.791 7.87 1.57 030 7.29 1.37 7.91
CDCl, 394.741  419.099 390.791 439.012 7.88 1.48 0.44 7.29 1.48 7.73
CDBr, 398.459 421.908 393.497 440.810 7.91 1.54 0.27 7.31 1.40 7.96
CeD;CD;  395.900 411.623 381.914 429.939 7.99 1.55 0.30 7.27 1.42 7.94
CeD;N 411.082 421.449 390.602 443.644 7.99 1.52 0.22 7.27 1.51 8.01
(CDy),CO  406.997 421.471 384.500 439.820 8.05 1.58 0.29 7.14 1.46 7.96
CD;OD  405.332 421.070 391.252 439.297 8.02 1.54 0.31 7.28 1.46 7.97

I CCl, . 897.151 422.074 383.178 452510 7.92 1.52 0.29 7.20 144 7.84
(CD;),CO 408.626 423.962 382.138 453.549 794 1.57 0.20 7.24 1.52 7.78

toluene molecule. However, the unequal shifts at the different protons and especially the
deshielding of the A proton are rather questionable since such a high field shift is also likely
to occur with an almost same magnitude throughout the solute molecule. The deshielding
of the A proton due to a preferential hydrogen-bonding interaction between this proton and
the ring z-electrons of the solvent-molecule will not be a prominent factor because of the
electron-releasing effect of the amino group causing the high z-electron density at the A
carbon and consequently the increase of the negative change at the A hydrogen through
g-r interaction.

It is of much interest, hereupon, that the strength of this effect tends to diminish at the
four ring protons in an order of C<D,B<A. This order is remarkably different from that
predicted by the additivity rule® for such solvent effect. The fact that the D proton ortho
to the halosubstituent is more affected by this effect than the C proton shows that the above
result can not be interpreted simply by the steric hindrance of the substituents to the solute-
solvent association with the parallel orientation of the benzene rings. Similar results have been
reported on the benzene-induced shifts of the proton signals of the substituted pyridines.)
Considering that such solute-solvent complex as stated above is formed as a result of the
Polarization of the z-electrons in the solvent molecule which is induced by the electron distribu-
tion in the polar solute molecule, the deshielding of the A proton attached to the z-electron

rich carbon may be caused by the hindrance of a close approach of the solvent molecule due
to an electronic repulsion.

A few remarks about the substituent effects on the chemical shifts of the ring protons in
an isolated solute molecule can be drawn from the data in dilute solutions of tetrachloro-
methane (Table II).

When an approximate linear relationship!¥ between the chemical shift of a benzene
ring proton and the z-electron density of the adjacent carbon atom is assumed to be valid and
the ortho—para orienting effects of the amino and halogen substituents are taken into account,
then the fact that the protons ortho and para to the amino group are more shielded than the
others can be explained by the stronger resonance effect of the amino group. The inversion
of the shielding order between the two protons by replacing I with Br or Cl is consistent with
the concurrent increase of the electron-withdrawing inductive effect of the substituent.

16) J.N. Murrell and V.M.S. Gil, Trans. Faraday Soc., 61, 402 (1965).

NII-Electronic Library Service



No. 9 1861
Tasre IIT. The Comparisons between Observed and Calculated Spectra
IA) ‘The 3 of ortho-ch d in tetrach h ID) The sp of orth ili d in acetone-d,
Line Transition Obs. freq. Cale. freq. Calc. intensity Line Transition Obs. freq. Calc. freq. Calc. intensity
1 16 18 382.4 382.44 045 1 18 15 387.1 387.08 0.54
2 16 14 383.4 383.38 0.68 2 JURR T 389.0 389.08 0.63
3 12 8 o 38377 P 3 1310 393.9 30391 0.78
‘ P ot by 1 129 2946 304.66 0.75
6 7 4 485.6 5 8 5 396.0 396.00 111
7 1310 388.9 6 74 296.7 396.62 0.86
8 12 7 390.1 7 16 14 399.7 399.69 041
9 9 5 390.8 8 127 400.2 400.18 0.40
10 8 3 391.1 9 6 3 4014 401.35 0.98
n 139 39{? 10 151 4017 401.69 0.62
2 s : B 1 9 4 402.2 40214 0.66
14 6 2 397.5 12 2 403.4 403.39 2.08
15 3 1t 399.4 13 138 407.5 40752 173
16 1813 14 6 2 408.1 408.11 2.32
17 12 6 15 0 5 409.6 409.62 115
18 14 10 16 31 410.1 41015 0.77
19 110 17 1618 414.0 413.98 1.59
b " g 18 12 6 4156 415.61 228
7 9 19 1510 420.7 420.80 1.07
” n 5 0.5 20 9 4 4223 422.30 0.87
23 16 12 422.32 1.39 21 702 4236 423.54 0.92
24 4 1 422.62 0.49 22 6 12 426.8 426.74 145
14 8 422.71 143 23 14 7 427.2 427.24 148
25 9 3 423,19 0.57 24 136 8.4 428.38 1.03
oo 1 s Phog e 25 n s 428.8 142873 0.41
28 B 7 429.95 0.84 26 s 2 429.0 428.96 0.78
29 ¢ 430.40 0.83 27 4t 430.3 430.32 0.44
30 5 1 432.10 0.7t 28 15 9 4343 434.33 0.84
31 10 2 432.68 0.41 29 1 4 434.8 434.77 0.84
- - 30 0 3 435.8 435.82 0.73
IB) The spectram of din 31 5 1 436.3 436.36 0.70
Linc Transition Obs. freq. Calc. freq. Calc, intensity T
o - — - IE) The spectrum of ortho-chloroaniline measured in dimethy! sulphoxide-dg '
1 i6 15 387.1 387.11 052
2 14 1 388.9 388.83 0.60 Line Transition Obs. freq. Cale. freq. Calc. intensity
3 16 14 389.9 389.75 0.58 - -
4 12 8 390.3 390.34 0.63 ! 1615 385.8 385.55 057
5 51 391.6 301,47 0.72 2 1“1 387.9 387.88 0.65
6 74 392.4 392.11 0.71 3 1310 391.9 391.85 0.81
7 1310 393.8 393.82 0.41 4 129 393.2 303.19 0.79
8 12 7 394.7 394.75 0.65 5 8 5 394.1 394.29 1.05
9 9 5 395.7 395.60 L55 6 7 4 3055 395.40 0.89
10 8 4 496.6 ; 091 7 6 3 3995 309.51 1.20
11 6 3 397.7 i 0.55
12 39 3981 y 107 8 2 1 1018 401.82 1.78
13 2 1 3906 399.59 2.10 9 16 14 404.5 40439 0.19
14 0 5 400.0- 309.81 0.64 10 127 1405.0 405:05 0.21
15 6 2 402.2 402.22 2.63 1 15 11 406.7 406.72 0.49
16 3 1 404.2 404.05 0.71, 12 9 4 407.3 407.25 0.57
37 16 13 4111 411.04 148 13 7 3 4107 £10.71 011
1 2o . 29 s 20 14 138 4122 412.25 180
50 M 3 415.8 415.81 0.15 15 6 2 412.8 41291 2.30
21 15 10 417.8 417,76 0.90 18 16 18 4147 41473 176
22 4 9 4193 419.33 0.45 17 31 415.3 415.21 115
23 8 8 420.1 420.23 1.09 18 12 8 416.2 416.24 2.47
24 702 420.4 420.28 0.6 19 1510 421.0 421.03 1.22
25 59 422.1 421.97 0.05 20 9 3 4226 422:57 1.10
26 8 2 4247 424.69 0.07 21 7 2 4240 424.10 0.68
27 15 425.9 426.10 0.50
28 1612 426.4 426.32 1.42 22 16 12 4264 426.40 147
20 48 426.9 426.90 1.44 23 uo 7 427.1 427.05 L4t
30 9 3 427.7 497.80 0.65 24 13 6 427.9 421.91 1.04
4 1 4217 421.75 0.48 25 8 2 4286 428.57 0.81
31 13 6 428.2 428.08 1.05 26 11 5 429.1 428.99 0.30
a2 0 3 432.0 432.02 0.26 27 4 1 430.6 430.53 0.37
23 9 2 432.2 432.26 0.26 28 59 4340 431.04 0.86
34 B 7 134.0 433.96 0.84 29 4 1345 13457 0.85
35 14 434.5 434.60 0.82 . . -8
6 51 4369 136,95 071 30 10 3 435.6 43557 0.74
27 10 2 4365 436.48 0.49 31 5 1 436.1 436.10 0.70
IC) The spectrum of ortho-chloroaniline measured in methanol-d, 1F) The spectrum of orfho-chloroaniline measured in pyridine-dg
Line Transition Obs. freq. Cale. freq. Calc. intensity Line ‘Transition Obs. freq. Calc. freq. Calc. intensity
1 16 15 3849 384.96 0.53 1 8 15 385.5 385.53 0.56
2 141t 387.1 387.09 0.62 2 1“1 388.1 388.13 0.65
3 1310 391.7 391.66 0.78 3 1310 391.7 391.76 0.80
4 12 9 392.6 392.52 0.74 4 29 393.2 393.15 0.75 .
5 8§ 5 393.8 393.87 112 5 8 5 304.4 394.40 1.10
8 7 4 394.6 394.62 0.8¢ 6 7 4 395.7 395.67 0.88
7 16 398.0 397.97 0.34 7 6 3 399.5 399.46 116
8 12 7 398.5 398.49 0.33 8 2 1 402.0 402.00 1.80
9 6 3 399.1 399.11 1.01 9 16 14 404.1 404.11 ~0.11
10 151 400.1 400.10 0.59 10 12 7 404.8 404.77 0.13
1t 9 4 400.6 400.58 0.67 1 15 U 408.7 406.72 0.45
12 2 1 401.3 401.28 2.08 12 9 4 407.3 407.29 0.54
13 13 8 405.8 405.84 179 13 703 100.7 409.69 0.14
14 6 2 106.4 408.43 2.39 14 13 8 412.0 412.02 1.98
15 0 5 408.1 408.05 1.18 15 6 2 4127 412.68 2.41
16 3 1 108.6 408.60 0.81 4. 16 16 13 4135 413.53 1.94
17 16 13 410.8 410.85 1.67 i 17 10 5 4147 414.66 1.36
18 126 4125 41247 2.36 18 12 6 415.0 415.00 2,50
19 7 3 413.1 413.09 0.15 19 31 415.2 415,22 116
20 15 10 417.8 417.56 110 20 15 10 419.8 419.77 124
21 9 3 419.0 419.06 0.90 21 9 3 4213 421.31 1.09
22 7 2 420.4 420.41 0.82 22 7 2 4229 422.90 0.41
23 16 12 423.9 423.94 1.45 23 15 4217 42171 0.27
2 1“1 4245 42446 145 24 16 12 429.3 429.28 1.38
25 13 8 425.8 425.56 1.04 25 1M 7 430.0 429.94 128
26 8 2 426.2 426.15 0.84 26 13 6 430.8 43075 1.09
27 4 1 427.1 427.08 0.40 27 8 2 4314 431.40 0.97
28 59 4315 431.51 0.34 28 15 9 438.9 43691 0.87
29 1mn 4 432.0 431.99 0.83 29 4 4374 437.47 0.84
30 10 3 433.0 433.01 0.73 30 10 3 4384 43845 . - 0.78
3t 5 1 433.5 43357 0.70 31 5 1 439.0 439.00 0.74
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TasrLe III. continued

IIA) The spectrum of ortho-bromoaniline measured in tetra- IIC) The spectrum of ortho-bromoaniline measured in ace-
chloromethane tone-dg

Line Transition Obs. freq.  Calc.-freq. Calc. intensity Line Transition Obs. freq.  Calc. freq. Calc. intensity

1 16 15 377.7 377.73 0.52 1 16 15 381.5 381.51 0.64
2 14 11 379.5 379.53 0.79 2 14 11 383.8 383.82 0.72
3 16 14 381.1 381.00 0.78 3 13 10 388.0 388.02 0.88
4 128 381.4 381.31 0.62 4 12 8 389.3 389.35 0.81
5 15 11 382.9 382.79 0.66 5 9 5 390.3 390.33 1.11
s o4 383.2 883.15 0.85 6 7 4 391.6 391.59 0.93
7 13 10 384.4 384.57 0.47 7 6 3 396.0 . 39592 118
8 12- 7 3854 385.48 0.84 8 2 1 398.2 398.16 1.59
9 9 5 386.3 386.38 1.60 0 . 1044 104.40 0.23
10 8 4 387.3 387.32 0.82 : . ) .
1 13 9 389.9 389.08 1.90 10 12 7 404.9 404.84 0.26
12 2 1 3905 390,48 1,99 11 15 11 406.7 406.70 0.51
13 10 5 390.9. 390.88 0.62 12 8 4 407.1 407.08 0.56
14 6 2 393.0 393.03 2.33 13 13 9 412.3 412.36 1.88
15 3 1 394.8 394.88 0.64 14 6 2 412.8 412.80 2.07
16 16 13 407.5 407.47 1.45 15 10 5 414.7 414.67 1.34
17 12 6 409.0 409.01 1.79 16 16 13 415.2 415.24 1.87
18 15 10 414.1 414.31 0.94 17 12 6 416.7 416.71 2.18
19 14 9 415.6 415.54 0.69 18 15 10 421.7 421.74 1.23
20 8 g 416.4 416.33 1.00 19 14 9 423.3 423.20 0.25
7 416.4 416.56 0.78 8 3 423.3 423.28 115
21 11 5 . 422.6 422.39 0.57 20 7 2 424.7 424.67 0.49
22 4 1 423.9 423.89 0.57 a1 T 4997 429.71 0.35
23 16 12 432.4 432.33 1.25 29 41 4312 431.94 0.39
24 14 8 432.6 432.64 1.23
23 16 12 439.1 439.09 1.25
25 9 3 433.5 433.42 0.75 24 “ 7 439.6 439.54 121
26 13 6 433.8 433.87 1.07 : ’ )
27 10 3 437.7 437.93 0.27 25 136 440.6 440.57 1.08
28 9 2 438.1 437.89 0.27 26 9 2 441.0 ©441.02 1.03
29 15 7 440.0 440.08 0.87 27 15 8 446.9 446.94 0.90
30 11 4 4404 440.43 0.88 28 11 4 447.3 447.32 0.89
31 5 1 442.0 441.92 0.80 29 10 3 448.5 448.47 0.82
32 10 2 442.3 442.33 0.55 30 5 1 448.8 448.85 6.80
IIB) The spectrum of ortho-bromoaniline measured in metha- IID) The spectrum of ortho-bromoaniline measured in pyri-
1ok-d, dine-dy
Line Transition Obs. freq.  Calc. freq. Calc. intensity Line Transition Obs. freq.  Calc. freq. Calc. intensity
1 16 15 382.1 382.13 0.62 1 16 15 381.4. 381.46 0.63
2 14 11 384.1 384.12 0.70 2 14 11 383.6 383.59 0.72"
3 13 10 388.9 388.96 0.87 3 13 10 388.1 388.07 0.88
i 12 8 390.0 389.92 0.79 4 12 8 389.2 389.26 0.68
5 9 5 391.0 390.97 1.13 5 9 5 390.2 390.22 0.92
6 7 4 391.9 391.91 0.93 6 7 4 391.4 391.36 0.94
7 6 3 396.7 396.70 1.12 7 6 3 395.9 395.86 1.17
8 2 1 398.7 398.70 1.73 8 2 1 398.0 397.98 1.64
9 16 14 399.2 399.21 0.44 9 16 14 401.6 401.63 0.37
10 12 7 399.7 - -399.63 - . 046 10 12 7 402.1 402.06 0.39
11 15 11 401.2 401.20 0.62 11 15 11 403.7 403.76 .57
12 8 4 401.6 401.62 0.66 12 8 4 404.2 404.18 0.56
13 13 9 407.2 407.20 1.69 13 13 9 409.7 409.65 1.39
14 6 2 407.6 407.65 1.97 14 6 2 410.1 410.10 1.97
15 10 5 409.2 409.21 1.20 15 10 5 411.8 411.80 1.26
16 3 1 409.7 409.66 1.01 16 3 1 412.2 412.22 1.12
17 . 16 13 414.2 414.95 1.65 17 16 13 414.9 414.89 1.71
18 12 6 415.8 415.81 2.03 18 12 6 416.4 416.40 2.08
19 15 10 421.1 421.08 1.10 19 15 .10 421.5 421:50 1.16
20 14 9 422.3 42224 0.45 .20 14 9 423.0 422.90 0.31
21 8 3 422.6 422.59 1.03 8 3 423.0 422.99 0.96
22 7 2 423.8 423.83 0.75 21 7 2 424.4 424.43 0.66
23 1 5 429.1 429.08 0.45 22 1 5 429.5 429.53 0.41
24 4 1 430.6 430.62 0.48 23 4 1 431.0 431.05 0.45
25 16 12 434.8 434.78 1.29 2 16 12 435.3 435.31 1.28
26 14 7 435.2 435.20- 1.27 25 14 7 435.7 435.74 1.25
27 13 6 436.4 436.34 1.08 26 13 6 436.9 436.82 1,07
28 9 2 436.8 436.79 1.00 27 9 2 4317.3 437.27 0.87
29 15 8 4425 442,57, 0.89 28 15 8 443.1 443.11 0.74
30 1 4 443.0 442.99 0.88 29 11 4 4435 443.51 0.88
31 10 3 444.1 444.08 0.80 30 10 3 444.6 444.61 0:80
32 5 1 1

444.5 444.53 0.78 31 5 445.0 445.03 0.78

. Frequency (cps) are measured relative to TMS internal reference.
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The most deshielding of the proton ortho to the halosubstituent can not be interpreted simply
in terms of the resonance and inductive effects of the substituents and suggests the existence
of the anisotropic effect of the halogen atoms which has been found” to appreciably influence
the shift of the ortho proton, especially for the bromo- and iodo-derivatives where such effect
is expected to be large. The departure of the present data from the results predicted upon
the additivity rule®® is considerably large; the predicted order of the proton deshieldings is
A<B<DLC in Cl deriv., A<BLCLD in Br deriv.,, B<C<ALD in I deriv. These discre-
pancies would be attributed to the previously mentioned interaction between the two
substituents.

The discussions presented here, though some of them speculative, are well consistent
with the observed solvent effects and some other types of interactions may be introduced
for more precise explanations. Advanced discussions will be given when the informations
of the detailed electronic effects of the substituents and the way in which these effects alter
the measured proton chemical shifts are obtained.
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