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AESTRECT

The Obiject of This lnvestication

P A LY T R

The main focus of this rroject is to study the effect of
conjugative interactions on V5N chemical shifts, when the
extent of conjugation is varied by different physical and
chemical means. The study also includc¢s the determination of
N-F coupling constants in fluoroanilines and fluoropyri-
dines. The work is divided into six parts as follows:

(1) Introduction
(2) Effect of steric inhibition of conjugaticn on 134
chemical shifts in 2,6-cdialkyl-N,N-dimethylanilines

(3) Effcct of U-substituents on 'K

chemical shifts in
anilines, N,N-dimethylanilines, 2,6-dimethylanilines
2,6, h,N-tetramethylanilincs.
(4) Effect of peri interactions on '5N chemical shifts in
i,8-diaminonaphthalenes.
(5) Effect of alkyl and aryl substitution on '°N chemical
shifts in ureas and thioureas.
(6) betermination of "PL-'"7f coupline constants in
fluorvanilines and fluoropyridines.

5N chemical shifts of several
2,6-diaklyl-N,N~-dimethylanilines have been determined in
order to assess the effect of steric inhibition cf lone-pair
delocalization. Eelative to aniline, N-methylation induces

iv



upfield shifts, 1in contrast to the expected deshieldinc on

o substitution. s the steric size of the alkyl substi-
tuent increases I5N shifts move toc higher appliec field.
These shieldings can be correlated with increased localiza-
tion of the 1lone-pair on the nitrogen atom and with a cor-
Iesponding decrease in lone-palr ionization potentials. Fro-
tonation 1induces changes 1in chemicgl shifts which &lso
correlate with the extent of lone-pair delccalizaticne. From
the chemical shift data, the torsional angulier deviation of
the dimethylamino group from the configuration for maximum

delocalization has also been estimated.

51 chemical shifts of 4-substituted anilines,
N,N-dimethylanilines, 2,6-Cimethyl- and
N,I.,2,6,-tetramethylanilines have been determined to assess
electronic ecffects on chemical shifte. The range ot shifts
encompassed in the first three series is very similar. The
rance of snifts in the 2,6,N,N-tetramethylanilines 1is
approximately one half of that in the other three serics.
Using Tatt's Dual Substituent Parameter &approzsch the results
llave been analyzed. The gualitative contrituaticns c¢f incuc-
tive ano resonance interactions of each subistituent bhave
been discussecd in the sterically hindered

2,6 ,N,N-tetramethylanilines.

|5N chemical shifts of several 1,2-diaminobenzenes and
l,8-diaminonaphthalenes have been determined to assess fperi

v



effects on thes shifts. The presence of an ortho amino group
in aniline shields the nitrogen resonance. Small and large
shieldings due to alkyl and heteroaztom substitution are
observed in the benzene series. Large deshielding effects
are observec in the naphthalenes on pecri substituion. Prcto-
nation of compounds in which the proton ceén be hela in tet-

ween two nitrogens 1esult in large shieldings.

'5N chemical shifts of urea, thiourea and several alkyl-
and aryl ureas and thioureas have been determined at natur-
al-abundance 1in aprotic solvents. N-methylation induces
systematic upfield shifts which contrast with expected down-
field shifts. Higher &lkyl substitution at the nitrccen
inauces shifts in the exipected order Lkascedé on aliphatic
amines. Multiple regression analysis has been carried out to
.get @ , B« 7 , and § substituent parameters. The
shifts ot urea and methylureas can be correlatec with ioni-
zation potential differences between the lone-pair molecular
orbitals. Using equations derived for amides and thioamides
activation eneryy barriers for rotation across the C-N bond
have been estimated for Loth ureus enc thiourcaus. There 1is
a very limited and qualitative aureement betwecen the litera-

ture and estimated values in ureas.

Two-to-five bond 'SN-'9F coupling constants in fluoropy-
ridines and fluorocanilines have been determined Ly using
natural-abundance N nmr spectroscopy. The 'S5N chenical

vi



shifts of the above compounds have also been determined. The
coupling constants in fluoropyridines are larqge and in fluo-
ropyridirnium ions the couplings parallel the '3C-'9F cou-
plings in analogous iso-electronic fluorobenzenes. Coupling
constants in fluoroanilines do not exceec 2 Hz. The effect
ot lone pail, hydrogen bonding and substituents on '’L-19F

couplings have been assessed.
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I. INTRCDUCTION

Use of natural abundance "N nuclear macnetic resonarice
(ninr) spectroscopy in chemistry has become more impcrtant in
recent years. The presence of nitrogen in a large rnumper of
oryanic and 1inorganic molecules is the primary treason tor
the 1intcrest in observing this nucleus for the study of
molecular structure. Application of the method to structure
elucidation began when Ray and Ogqg (1) |used 'y anc "N nnr
spectroscopy to establish the structure of nitramiace as the
amide of nitric acid (I) rather than as its structural

isomer, nyponitrous acid (ID.

OH
o
l*\\Wu——1¢// N=N
| HO I
In the years following, BN  chemical shitts and relaxation

properties were characterized to an increased extent, lead-

ing to the present-day exploitation of natural-abundance BN

nmr (2-6).



The rate of development of nitrogen nmr spectroscopy has
been slow compared with that of proton, carbon, and fluorine
(7-9) » The slow development can be-explainec in terms of
the greater experimental difficulties encountered with Loth
isotopes of nitrogen. Nitrogen-1u4, the more abuncant isctope
(99.65%), has & sensitivity of only 0.00101 that of an equal
number of protons in the same magnetic field. Sensitivity in
& macghetic resonance experiment 1is directly proportional to
the cube of the magnetogyric ratio, ¥ which is a function of
the magnetic moment and spin gquantum number of & nucleus

(10) .

Here, N is the total number of nuclei and bg ic the neg-
netic field strengthe. Tatle 1 lists the different nuclear
properties of nitrogen-14 and nitrogen-15 nuclei. From Table

1 it is vvicent that the smaller magnetoygyric ratios of Loth

14 1

N and N cormpared to 'H result 1n decreased sehsitivity

of the nitrogen nuclei.

Despite its hiuh natural abundance and cherical shift
range of several hundred ppm, the chief disadvantage of the

" nucleus is the spin quantum number I = 1; nuclei with a



spin  gquantum number gqrcater than 1/2 have @& quadrujyole
moment, which proviades an efficient relzxation mechanisme.
Consequently, excert for special cases where the local elec-
trical field gradients are spherically symmetrical (examples
of compounds with spherical symmetry are ammonium ions and
isbnitriles), 14N relaxation times are very short and hence
lines very broad. Lline widths of up to 1000 Hz have Leen
reportea (11) and these result in substantiel uncertainties
in chemical shift measurements. Line Vbroedeninc can be
decreased to some extent if the spectra are run in dilute
solutions, in solvents of low viscosity or at higher temper-
atures. Under these conditions, the rotationral motions of
the molecules, which contribute to the molecular correlation
times, are increascc. because of the direct reletionship
between correlation times and relaxation rates, the nuclear

relaxation rates decrease and the resonances sharpen.

The rance of nitrogen chemical shifts for c¢rg¢anic comn-
pounds 1is very large (>900 ppm). This factor hag been uti-
lized 1in determination of gqross structures of céifferent
Classes of nitrogen conpounds. Small and sut tle chances in
molecular structure in a particular series of corpounds can-
‘not be established using “N nmr because the uncertainties
in chemicel shifts are often larger than the substituent

efftects.

The "N isotope with a spin of 1/2 does not have a



4
guadrupole moment and 1is suitable for high resolution
studies. However, the natural abundance of this nucleus is
only 0.365% and its sensitivity is only 0.00194 that of an
egqual number of protons in the same magnetic field (sec
Table 1). Hence, routine detection by earlier available con-
tinuous wave (CW) technigues was essentially impossible.

15,. . . )
N stucies with enriched

besinning in 1964, initial
compounds were reported by both indirect (INDCR) &nd direct
observation techniques (12). During 1971-72, 1esearch groups
headed by J. D+ HRoberts and vy L. W. HRandall showed that

natural-abundance 13l

nmr coulo be & feasible technigue.
Using time-averaging sweep technigues (13) and pulse-fFouri-
er-transtorn techniques (14) respectively, the above groups
carried out for the first time systematic studies of struc-
turally similar compounds. More recently, the advent of
newer spectrometers, improvements 1n experimentel technol-
ogy, anc a better understanding of factors influencing sicg-
nal strencth - exchange processes, relaxation phenomeng and
the nuclear Overhauser effecct - have made natural abundance

1S nwr spectroscopy a@a chemicelly useful experinental tech-

158 resonances with enriched material can be

nigue.
observed with little difficulty ana naturel-aubundence spec-
tra can be observed within practical time limits. Later sec-

tions discuss some of the experimental methods and nolecular

properties which affect acguisition of signals.



Table 1 Comparison of

Natural abundance

Spin guantum numkber

NMR freguency at

2.35 Tesla®

Sensitivity relative
to proton for equal

number of nucleil

Sensitivity relative
Carbon-13 at natural
isotopic abundance

Maghetogyric ratio®

Flectrical quadarupole

moment

MN and

SN Nuclear

14N

99.6U%

7.23 MKz

0.00101

17.22

1.934x16°

1.54x102

“Magnetic field for proton resonance at

bln rad/gauss —sec.

Properties

]51\;

0.365%

1/2

10.09 MHz

0.00194

0.0214

-2.71x10°

100 Mtiiz.



The Continuous Wave and Indirect Technigues

Nitrogen-15 enrichment, which is often tecious ana
always expensive, had been widely used for the direct mea-
surement of '°N chemical shifts and coupling constents dur-
ing the early development of S onnr (15). Ft that time,
spectra were obtained by the continuous wave (CW) technigue,
in which the frequency (or field) 1is swept through the
region of absorjption such theét noneguivalent nuclel are
trought into resonance. In this mode of excitation, only a
very narrow band of freguencies contributes to & signal at
any one time. Incirect detection of 15N resonances is also
possible in enriched comiounds where & proton is couplec to
a SN nucleus. The proton signal is continuously observed
wnilec a nitroyen freguency is varied until the proton reso-
nance is decoupled. ARlternatively, indirect measurement of

"N and '°N chemical shifts can be eftfected using the IKDOR

(internuclear double resonance) technique (1o) .

Fourier Iransform NME Technigues

The aevelopment of Fourier Transform (FT) nmr spectros-
copy has been critical for the growth of BN nrr (17) « Study
of low-abundance nuclei like '3C and 15N has been made pos-

Sible by advances in spectroneter design. because of the



7

negative magnetocyric ratio of '*N, the typical julsed FT
experimental technigues have to be modified tc suit this
nucleus. Many comprehensive reviews and books on pulsead FT
nmr are available so only é brief description of the exreri-

ment is presented heree.

The experiment consists of the excitation of the nuclei
using a short burst (pulse} of high power (wice banc). The
nuclei relax after this excitation resulting in a free
induction decay (F1[) which is in the time domain. 1n typi-
cal eXperiments a large number of FILs are wccumulateé in
the computer menrorye. Fourier transformation ot the F1Ds
results in a sjpectrum in the freguency comaine. The entirce
excitation and FID collection pericé commonly recuires 1
sece. Typilcal experiments require 10°- 1()4 scans; o fractical

limit is 10% to 1¢° scans.

The FT experiment differs from a CKH experiment in that
the entire frequency rance is monitoreag simultaneously. The
signal strength 1in a pulse experiment is directly propor-
tional tc the nunber of scans, N, whereas hoisc is jartially
averaged out, accumulating with ./N. Thus the total signal to
noise ratio (S:N) increascs as a function ofJli. &rn idea of
the improvement in S:N can be seen in Figure 1 where an F1T

experiment is compared with a CW experiment(from ref. 8).



t—|0 Hz—

90% M- TOLUIDINE
BRUKER HX-270
SPECTRAL WINDOW 8k Mz

(4¥Hz shown)

Figure 1. Comparison of a FT Experiment with a

CW Experiment.



A knowledge of nuclear spin relaxation characteristics is
necessary for ortimum performance of any FT experiment; such
understanding is absclutely critical for successful '’N nmr

spectroscopy. The V3

nucleus undergoes spin-liattice (T])
and spin-spin relaxation (To) Dby the same mechanisms that
give risc to 'H anc '3C spin relaxation. However, the rela-
tive importance of these mechanisms is difterert for 'SN.
Also, as a 1esult of the negative magnetogyric ratio (y) tor
151, simple doubkle rescnance experiments may produce unde-
sirable results, such as nulled signals. The relevant rela-
xation parameters -spin-lattice relaxation tine (T,), stin-

spin relaexation tine (Tz), andé nuclear Overhauser effect

(NOE) - @re discussed below.

The spin-lattice relaxation (T;) frocess links nuclear
spins with the lattice. The Boltzmann population difference
is estaplished by enercy exchencve between nucleaer £ping and
the lattice. The spin-lattice relaxation for 'H, ]3C, and
15

is e¢ffectea by similar mechanisnse. The dipole-dijpole

mechanism which accounts for all the signiticant spin-lat-

1

tice releaxation (18,19) for 'H and for most of the prcton
bound carbons in '3C nmr, does not necessarily =epply for
"Sive '>N Tys vary over a large range fiom 10 tc > 1(0secs.
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Spin-spin relaxation (Tg) is related tc the natural
linewidth in the absence of magnetic field inhomogeneity. In
>N nmr the 1linewidths are controlled by different factors
like proton tautcmnerization, paramagnetic impurities, etti-

ciency of proton decoupliny, and By inhomoaeneity.

The Nuclear Overhauser Effect

Irrauiation at frequencies of protons attached directly
to nitrogen results in the collapse ot the ritrogen multi-
plet leading to an increase in the signal intensity of the
nitrogen resonance. The intensity of the nitrcgen resonahnce
is sometimes greater than that arising {rom collaepsc of the
- multiplet. This intensity chance, the nuclear Overhesu-
ser effect NOE (20), arises in general when an observed
nucleus relexes via céipole-dipole interactiones with ancther
nucleus (commonly proton), whose eneragy lcvels are satu-

rated. Tne maximum obtainable HNOL 1is given by

1/, = 1+ 1 ( %/ 7x)

where Io is the intensity without irradiation and 1 is the
intensity with irradiation. For isC, which relaxes mainly
by dipolar interactions with the bound proton(s), the mexi-

mum 1intensity enhancement from the NOE 1is 200% (Nuclear
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Overhauser Enhancement Factor NOEF of 1.9¢) . 1he negative
magnetogyric ratioc for >N results in a negative NOE., The
maximum NOEF for '°N is -4.93. Thus, the negative NOE
results in an inverted resonance signal for an 15N nucleus.

If the "

N nucleus relaxes by other than a dipolar mechan-
isins the NOEF decreases. A NOLF of -1 results in a2 nulled
signal. Experimental methods like yated decoupling (8) have
been developed to overcome this problem. Using this method
spectra can be obtained without significant 1loss in S:N

15,.

regardless of N 1, s. Llonger N T;s lengthen the total

time needed for & gated decoupling experiment.

Since carbon andé nitrogen are both second-row nuclei,
their shielcing is subject to similar electrcnic and struc-
tural effects, and nitrooen shifts generally parallel carbon
shifts. The range of chemical shifts for nitroaen (5900 ppm)
is slightly greater than that for carbon. For a given class
of compounds, additive substituent parameters that Lave some
predictive value (enc arc similar 1in meynituce to those for
3¢ resonances) can be obtained. The lone pair on nitrocen
is a feature which agistinguishes it from carton anc 1is use-
ful for structure elucication. Removal of the lone r[pauilr
results in changes of the nitrogen shifts. The magnitude and
direction ot the change of the resonance position are char-

acterstic ot a specific type of nitrogene. Nitrogen shifts
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are also more sensitive to solvent changes than the
resonances of structurally analogous carbong, anc thics can

be exploited for the study of intermolecular interactions.

Various methods have keen employed to calculate nitro-
gen shifts and tc relate nitrogen shifts to electicon densi-
ties. The 1latter attempts have met with limited success
(21) . Lt best, qualitative agreement existe fcr structur-
ally similar types of nitrogens exhibiting relatively large
methods using extended basis sets hsave been impractical for
most molecules of organic structural interest (22). When the
chemical shitt range is very small, the correlaticn between
electron density anc shifts is not satisfactory. Chemical
shift theory aprliec to nuclei other thar proton does not

reguire the cependernce of shifts on ¢lectron censity (22).

A yualitative framework can be obtained {for corcsidering

154 chemical shifts with the aid of semiempiricel methcds.
This is also useful in visualisinyg the effect ¢f the lone
palr on '5Ii shifts. lhe total nuclear screening cornstant can
be written as

loc loc
tot = Oiia * Oparg * Oother

In this equation, o0y, 1is the local diemagnetic
screening of the nucleus. This term dominates proton shifts

and is related directly to electron densitys gpee 15 the
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loéal paramagnetic term which 1is negative andc reguires
electrons in orbitals with non-zero angular momentum . The
gquantity Oother includes all contributions to the screening
from other sources than those at the nucleus; anisotropy,
field effects, etc. Usually Qother is very small. Both Ogia and
Opara May be large, but calculations suggest that gy, remeins
relatively constant for a given class of compounas (24,25).
Thus, changes in shifts as a tunction of structure may be

attributed to changes in Opara.

GouCali  be viewed in terms of three structurally related

contributions

1 1
oporo C A-—E .(_',_3) 'EQ

LI : . LIS
where at 1s the average excltation energy; ¥3 1s the averlage
inverse cube of the (non-s) orbitael racius,reis derived fiom

charge densities and bond orders of all bondinc electrons.

The importance ¢f the above factors may be seern from the
duta in Table I1. Removel of the lone pairs in  annonis and
methylamine by protonaticn results in deshielaing, procabiy
by removing the diamagretic screening of the 1lone rpair
(26,27) . The presence of|1-§7f*transitions in an aromatic
system (lower ae ) and increased C-N bond order, can explain
the low-1ying resonance position of aniline compared with

aliphatic amines. The inportancc of n‘?ﬂﬁtxansitions (lower



Table II Illustrative Nitrogen Chemical Shifts®

Compound 6. ppm®
Ammonia 0.0
Methylanine 2.0
Ammonium Chloride 25.0
Methylamine Hydrochloride 28,0
Anilinium Chloride 4g.0
Aniline 52.0
Pyridinium ion ©215.0
Pyridine 317.0
Protonated trans-azobernzene 358.0
Trans~-azobenzene 50€.C

%Taken from Keference €.

bDownfield from anhydrous liquid ammonia.
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AE ) and multiple bonding to nitrogen (larce @ ) results in
a large deshielding of the pyridine nitrocgen. In general,
to the extent that the lone pair exerts a major paramagnetic
influence on nitrogen resonance positions, 1its Tremoval by
protonation is expected to result in an upfield displacement
of the nitrogen resonance position. This may be seen in the
protonation-induced changyes in pyridine (-110 ppn) and azo-
benzene (-150 ppm). The changes on protonation are repre-

sented graphically in Figure 2.

Nitrogen chemical ‘shifts of organic compouncds can be
divided into regions roughly characteristic of the tyre of
nitrogen in a compound (28) (Figure 3). Silce there is no
14y

discernilbile isotope effect (29), and '°N chemical shifts

can be compared directly.

Aliphatic amines display revular changes in chemical
shift with changes in structure. Alkyl substituticon at the
o position results in @ small deshielding, comparable to
that of analogous carbon compounds. Lketa alkyl substitution
results in @ lerge deshielding wnich is neaerly twice the
value obtained for carton in an analogous systen. Gamma
alkyl subkstitutiocon results in a small shieldina. 7These have

been discussed in some detail elsewhere (8,30).

Spin-Spin Coupling Constant

&1



AZOBENZENE . _ PYRDINE ANILINE  AMMONIA
-160 0 T 02 e %
[ 1 . 1 1 1
500 400 300 200 100 C
3, ppm

Figure 2. Schematic representation of Protonation

Induced Changes (from Table II ref 8).

16
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The drawback of nitrogen-14, the more abundant nucleus,
in the determination of coupling constants is its quadrurpole
moment. Where guadrupole-induced relaxation is rapic, cou-
pling to 14N is generally eliminated. Values obtained from
14N measurements can be converted to the correspondéinc 'SN
values by multiplying by the ratio of the mauhetogyric rat-
ios, VwN/ Yiay = -1.402

51 at natural

Determination of coupling constants to
abundance is not practical except for N-H ccuplings. In
nearly all 'other cases one needs enriched >N compounds.
bBarly calculations of nitrogen couplings assumecd the domi-
nance of the Fermi contact mechanism, which is the prevail-
ing mechanism for jproton and most B3¢ ‘couplingse. Based on
this mechanism, qualitative relationships between one-btond
couplings and s chaeracter have been sujgestec (31) . More
recent work suguests that thése relationships arrply only
under limited conditions. One-bond couplings can ke geome-
try dependent. Vicinal couplings to nitrogen display a
dependence on geometry analogous to thet of carbon and pro-
tonn. Two-bond couplings to nitrouen can be rcelatec to lcng-
pair orientation. Couplinces are largye and negative to those
nuclei that are close in space to the lone peir, and small
ana positive to thocse that are farther removed. Detailed
theoretical assessments of coupling mechanisms are hampered
by the sensitivity of the calculated values to small chances

in geometrical parameters (32-35).
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Couplings to nuclei other than proton and cerbon have

15

received less theoretical attention. N- T9F, (36) '°n-3Tp

(37,38), and 15N-metal couplings have been reported (39,40).

The Object of This Investigation

The main focus of this project 1is to study the effect of
conjuyative interactions on 15N chemical shifts, when the
extent of conjucation is varied by different physical and
chemical means. The study also includes the determination of
N-F coupling constants in {fluoroanilines and fluoropyri-
dines. IThe work is aivicea into six parts as follows:

(1) Introduction.
(2) Effcct of steric inhibition of conjugation on '°N
chemical shifts in 2,6-dialkyl-N,N~-dinethylanilines.
(3) Effect of 4-substituents on "N chemical shifte in
anilines, N,N-dimethylanilines, 2,6-dimethylanilines
2,6,N,N-tetramethylanilines.

(4) Effect of peri interactions on '35N chemical shifts in
1,8-diaminonaphthalenes.
(5) Effect of alkyl anc eryl supstitution on Jst chemicel
shifts in ureas ana thioureas.

15,19

(6) Deternmination of F' coupling constents in

fluoroanilines and fluoropyridines.
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CHAPT-K 2

Amines, 1in which nitrogen is present in its most highly
reduced form, may be considered the parents of organonitro-
gen compouncse. They have been studied extensively by many
cnemical and physical techniques, among which nmr spectros-
copy has been widely applied. The nmr method has been parti-
cularly valuable in studying intramolecular and intermolecu-
lar hydrogen-bonding, and nitrocen inversion in aliphatic
and aromatic amines. The properties of aromatic amines, of
which aniline is the parent compound, have been studied to a
large extent to correlate their behavicer with the extent of
lone-pair delocalization. The suygested relstionships tet-
ween nuclear magnetic resonance properties andé verious func-
tions of electron distribtution make NMR spectroscopy emi-
nently suitable for this type of stucy. Particulerly when
the NMR behavior of the nitrogen nucleus itself is affectec,
nitrogen NME spectroscopy has been a useful probo of these
phenomena. The general trends and correlations soucht by 14N
and '’N umr spectroscopy of amines will be outlinec here ana

then the problen at hand will be discugsed.

Ammonia and aliphatic’ amines lie at the highly shielded
end of tne spectral range (0-60 ppm). [N chemical shifts ot
aliphatic anines have been studied extensively. The effect
cf alkyl substitution has been analyzed and substituent par-

ameters similar to ones derived for '3C chemical shifts of
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alkanes have been obtained (13,30,41) . The effects of
solvents on '®N chemical shifts of aliphatic amines have
been examined (3C) . The 15N chemical shifts of aliphatic
amines and '3C chemical shifts of alkanes ccrrelate well
with each other (30). Protonation of aliphatic amines gener-
ally deshields the nitrogen, but the maonituce of this
c¢tfect is veriable. The change on protonation has been shown
to depend on solvent (30), counterion (42), concentra-
tion(42), and pk (14,u42-44). Alicyclic amines display trends
analogous to those of the cvclic compounds. The stereochemi-
cal dependence of ISN chemical <chifts has alsc been studied

in alicyclic amines (30,45).

Nitrogyen resonance poscitions of arylemincs are usuully
deshielded by 50 ppm {from the corresponcing ealiphatic
amines. The deshielding of arylarines has been attributec to
the interaction between the nitrogen lone-pair ané the acja-
cent 1 system. Nitrogen chemical shifts of sutstituted ary-
lamines have been shown to correlate with 7 electrcn densi-
ties and Hanmmett o constants (4o-L8). The 13N chemical

cshifts of anilines &also courrelate with 19

b chcnica} shittts
of the correspondirngly substituted {luorobenzenes and 13¢
chemical shitts of the corresponding tcluenes. The nitrogen
resonance positions of anilines are not only atfected by
conjugatively interacting substituents, but also by non-con-

jugatively interacting methyl groups. Ring methyl substitu-

tion in anilines influences the nitrogen resonance positions
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in a systematic manner, and this has been related to
polarization of the ¢ network (49-51). The extent of
nitrogen lone-pair delocalization can be influenced by dif-
ferent kinds of mechanisms, for example, substituent effects
and steric inhibition of resonance. Several experiments have
shown that 1in o-methyl substitutea N,N-dimethylanilines
nitrogen lone-pair delocalization can be inhibited by steric
eftects (52-61). Therefore, we have determined the '°N
chemical shifts of alkyl substituted N,N-dimethylanilines in
order to assess the influence of steric inhibition of conju-
gation on the resonance positions. We have also studied the

effect of protonation on these compounds.

RESULTS AND DISCUSSION

The '°N chemical shifts of compounds 1-5 (see Chart I)
are presented in Table III. Table III alsc includes ‘N
chemical shitts for the protonated compounds, pK,'s for some
of the compounds (52,62), and photoelectron vertical ioniza-
tion potentials (59,61). Several trends can be seen at the

outset. Successive methylation at the nitrouen of aniline

(la=1lbe¥ic) displaces the nitrogen resoneance positions
L D e TR Vo Y
upfield by 5.3 ppm and 11.9 ppm respectively.
H H
NHy HNCH3 3 3
b le

la

0 -5.3 -11.9
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R3 3—CH3,
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H

Ry = CH,

Ry, = CHj

Rys Ry = CH,
Ry, R, = CH,
Ry, R, = CH,
R, = 3-CH,
R, = 6-CHj
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Table II1 BN Chemical Shifts and Kelsted Data of

N,N-Cimethylanilines®

b < ,d b,e f g h h
Compound O\ PP Ady Ady On* Adwit P¥o  Telp, 1B,
1a 56 .43 0 11.9 51.03' =58 4.26 6.05 10.61
AN
10 52-73 "3.7 5-2 L‘Q-53 -L.2 u029 7.65 10-20
AN
1C u“.53 _1109 O ‘47.53 +3.0 u039 7-37 9.80

%Q 33.83(—20.3¢ -22.6 -10.7 46.03 12.2 5.15 7.%2 9.51

le 43.63(~12.0)  -12.8 -0.9 47.53 3.9 UL.66 T.24 9.61
1f 41.93(-12.0) “14.5 -2.6 UE.E3 U.T U.S4 T.27 9.55
22 33.33(-19.5)  -23.1 -11.2 45.73 12.4 5.25

28 17.03(-33.9)  -39.4 -27.% 4E.33 26.3 U.EL1 T.€5 6.65
3 15.33(-32.2))  -41.1 -29.2 45.63 30.3 5.15"7

13.03(-35.1)" -u43.4 -31.5 45.73 32.7

10,33 (-37.0)" -46.1 -34.2 44.13 33.8

2& o

“Chemical shifts and diftcerences in ferte per millicn.
bChemicul shifts were mcasurea with respect to N nitronetnane
and thcecn converted to anhydrouus ammonia scele usinc the
équation Onng = Ocuyno, + 380.23
Positive values denote downfiela shifts ref 63.

cAéNiZ 6; -_— daniline dAdNi e di - 6'0
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®Chemical shifts of the anilinium ions.
‘AGNH+ = Oion — Oamine = change in chemical shitt on
protonatione.
®Ret 52, in 50% ethanol.
hVertical ionization potentials (eV); ref 59-61.
Hef 50.
hetf 51.
kparenthesized values are differences between the substitutea
N,N-dimethylanilines anéd the corresponding anilines. Ref 49
"6 mesidine = 47.53.
"Ref 62.
"The chemical shifte of 2,6-diethyl-ané 2,6-diisopropylaniline

are 48.13 and 47.33 ppm, repectively.
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The same direction of change is not seen in the protonatea
species of the above compounas. On going from protonated 1la
to %Q a shielding of the nitrogen is lseen, whereas 1L -1c
results in a deshielding. This shielding on methylation
contrasts markedly with the effects of ® -methylaticn on the
13C chemical shifts of structurally analogous &@lkylbenzenes
(toluene —»ethylbenzene -»cumene), whnere downfielc shifts of

S ppm are observed for the substituted carton (64). 1In
aliphatic amines, O -methylation results in deshielding. An
& -substituent parameter of 9 ppm was derivea by multiple
regression analysis of the primary amine deta (13,30,41).
There are a few examples of shielding arising from
O -methylation in the literature (46,€65-68) . For examrle,
the nitrogen nucleus of 1,1,3,3-tetramethylurea is shielced
by w12 ppm from that ot urea (¢5). Similarly, the '*u
resonance position of N-nethylpyrroline is 7.1 ppm to higher
applied field than that of the unsubstituted compound (6€).
Upfield shifts on N-methylation of an aminogly;oside have
been reported (67). Nitrogen resonances of N-methylated bar-
bituric acids 1lie at a higher shielding than those of the
unsubstitutea compounds (€€). Uptaicle O -metrylation shifts
are not restricted to cases where a T system can interact
with nitrogen. For eXample, N-methylation ot
2,2,6,6-tetramethylpiperidine results in a 1large shielding

of W30 ppm (U6) .

s in the case of anilines, ring methyl substitution of
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N,N-dimethylaniline shifts the nitrogen resonences to higher

field. The effect of 3- and U-methyl substitution (%g &na
{i respectively) parallels the results in anilines (49).
However, 2-methyl substitution (1ld and 2a) induces an aédi—
tional 7-8 ppm cﬂange over that found 1in %g and 3{. This 1is
evident fion the parenthesized values in colunn 2 of Igble
11I, which are expected to partially correct for effects of
the methyl groups common to botn the anilines ana
N,N-dimethylanilines. Further methylation at the ortho pocsi-
tion (%E and 3) causes additional shielding. The nitrcgen
shitt of 2b is 34 ppm to a higher field than that of
2,b-xylidine. The upfielc shift is enhanced by increesing
the size of the 2,6-dialkyl groups. This can be secen from
the chemical shifts of 4 and 3.

Protonation of la ana 1b also shields the nitrocen reso-
nance. In compounds 1¢-5 the effect of protonation is oppo-
site to that of 12 and 1k, in that the resonances mcve down-
field. With the exception of\;, the qhemical shifts of the
ions in this series differ by amounts Jjust outside experi-
mentel error, averaging 21.5 ppm with & standard ceviation
of 0.6 prme. The resonance positions of compounas 15-§\a11
lie at higher field than those of the correspcnaing prinary
anilines, except for %H. The '°N chemical shifts of preto-
nated {g, %2' and 1c do not parallel 3¢ chemical shifts of

the substituted carbon in the isoelectronic toluene, ethyl-

benzene, and cumene respectively (64).
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The shielcing inducec by ortho alkyl substitution in ic
can be interpreted in terms of the well establishec distor-
tion of the daqimethylamino group from the optimum conforma-
tion 6 for nitrogen lone-pair interaction with the benzene

T system.

In this case, the pyramidal nitroyen is still oriented such
that tne axis of the lone-pair orrital makes @ dihedral
angle of 909 with respect to the plane 6f the ring. Listor-
tions from this ceometry has been correlated with changes in
basicity (52,353), UV abtsorption intensities (53), pKy's of
substituted benzoic acias (58), '3C chemical shifts of the

para carton (56€), 19

F chemical shifts (57), ancu changes in
13¢c- H coupling constants (€69,70). The incresced basicity of
{io gg, and g‘relative to %g, {g, and %ﬁ can be attrituted
to greater localization of electron gensity ot nitrogel 1n
the twistec conformation 7. Recently, the pty, of
'2,u,6,-txi—t—outyl—N,N—dimethylanilinc has been measured
(71) « It was concluded from pK, and UV studies that the
nitrogen in this compound is almoust completely out of conju-
gation. The F chemical shifts of compounds g:ll glso qua-

litatively support the data presented in Table I11.
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The lower field resonancec position of 9 in 5‘re1ative to 9
can be attributed to reduced nitrogen lone-pair delocaliza-
tion. 1he fluorine 1in 8 1is wmore delocalized than in 9
resulting in a deshielding of the former compouncé. There is
a qualitative correlation between >N chemical shifts of 28,
{E'- {E' and 2,6-xylidine and 19

N

b chemical shitts of §-11,
£

but no quantitative correlation exists. Similarly, if the
'QF and '°N chemical shift differences between ccrresponcing
nonmethylated and dimethylanilines are compared, a gualita-
tive but not quantitative parallelism exists. The absence ot
a adirect correlation probably reflects the different dearees
to which inductive and mesomeric effects contribtute to

shi1fts in the disubstituted compounds comparec¢ to the mcocno-

substituted (57).

As alluded to earlier, '>N chemiczl shifts ir many cases
have been correlated with '3C chemical shifts. We have tried
a similar approach and compared para cerbon 3¢ chemical
shifts of anilines with 'SN chemical shifts of compounds

1a1§. To the extent that the same tactors influence both

-

'3C of the dial-

sets of resonances, the differences between
kyl-N,N-cimethylanilines 1relative to the primary anilines
are expectea to reflect l1largely the electronic effect of the
nitrogen. Figure 4 shows a plot of the ditferences in 3¢
chemical shifts of the para carbon of the dimethylanilines

and the anilines against the 15, chemical shift differences

of the same compounds. The 3¢ chemical shifts of all the
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compounds except %R'&- and S5 are in the litercture (56). The
scatter exhibited by these points may arise from two
sources. First, steric and electronic factors are likely to
influence the nitrogen shifts in the less hinderea prinary
anilines to a different extent than in the tertiary com-
pounds and this difference may be¢ compensated only partially
by taking the chemical shift differences (parenthécsized
values in column 2, Taltle 111). Secona, the positional
influence of the ring alkyl substituents on the '3C and >N
resonances is likely to be different. For exan’ple, in 2a the
methyl grour at C-3 is ortho to C-4 but meta to C-1 which
bears the amino croup. There is no requirement that the res-
ponses of the 1two positionally different nuclei, (-C, and
Nk,) to a given substituent be the same. The two sets of
data show a mocderate correlation (sce Fige. U4, r= .94, slope
= 243 ppm N/ppm C)e. To limit the number of variables influ-

encinyg the shifts, the series %E' 3Q, 3Jand where only

S
the nature of the alkyl substituent at C-2 anc¢ C-¢ 1is
changed, can be examined. Here, electronic perturbations at
C-4 and¢ the nitrogen are e¢xpected to vary little throughout
the series, and the corrclation with a linmiltec  puasber of
data points is much improved ( r=0.999, slcpe= =2.4 ppm
R/ppm C). 1T1he slopc of -2 obtained in this series indicates
that thoe nitrogen chemical shifts are twice as sencsitive as
those of cairbon. Similer kinds of slopes are obtained for

primary aliphatic amines (30). Hence, it 1s reasonatle to

suggest that poth the nitrogen and C-4 resonance positions
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are primarily influenced by common factors, of which the
torsional distortion of the dimethylamino group is likely to

be dominant.

Further support for the distortion of the dimethylamino
group can be obtainec by comparison of '5N chemical shifts
of %E' {Q' 32, and‘; with the ”95n chemical shifts of sub-
stituted trimethyltin compcunds (72). The two sets cf cata
correlate well, presumably indicating sinilar effects (see
Figure 5, 1 = 0.970). The upfield 5\ resonance positions
upon methyl substitution at the 2- or €&- positions in
1-(cycloalkylamino) cyclochexenes have been attributeoc to dis-

tortion of the nitrogen lone-pair from maximum conjugation

(73) .

The uptield shifts on N-methylation in &niline can be
attributed to inhibition of delocalization with an increase
in electron density at nitrogen and also to e decrease in
C-N 7 bonag character. hccording to the Karplus-ltople treat-
ment (23) of chemical shifts (Chapter 1), a decrease in the
C-N 71 bond character results in a decrease in the paramag-
netic term in the shielcding expression and thereby shields
the nitrogern. kn approach of this type has been used to

rationalize the nitrogen shifts in conjugatively sulbstitutea
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anilines (4¢€,47,49).

Photoelectron spectroscopy (PLS) has been very helj ful
in the analysis of 5N chemical shift data. The '°N chemical
shifts of anilines and the N-methylation effect can be
rationalized with the help of vertical ionization pctentials
optained ty PES (59-61). Photoelectron spectroscopy dallows
determination of the extent of lone-pair- 7 orbhital overleaerp,
and hence can be related to both 0y and Opaein the Karplus-
Pople formulation. L[iscussion of these datea is  helpful in
unaerstanding the o -methylation upfield shifts. There are
two degenerate benzene hichest occupied molecular orbitals
cf the symmetry type & and b; . [elocslization of the
nitrogyen lone pair, which haé a by symmetry, intc the ten-
zene ring results 1in an 1interaction with the HCMO k| ’
resulting in a splittince of this level. The a, HOX is
affected to a slight extent, presumably beceuse of an inouc-
tive effect. These interactions are indicated scheratically
in Figure 6. Calculations (74) suagest that the first and
third ionization bands labelled 7, and Ty » respectively,
(59), may Lbe assignea to those arising Ly interection with
the nitrogeﬂ lone-pair. hence, the difference between 7,
and 7, ionization potentials, AIP, reflects the extent of
lone-pair delocalization. Figurc 7 represents schematically
the change in m, and 7, with change in alkyl substitution.
From Figure 7, it is apparent that both Ty ané T, undergo

similar changes 1in &all compounds which do not Lbear ortho
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methyl groups ({g, &2, {g, lg, 3j). The cthiange in icnization

potentials in the series EE-+1b-# C perallels the trenc in
the series ammonia -» methylamine - dimethylamine (75).
Substitution in the orthc positions (35"%9‘*29) decreeses
AIP progressively. Figure 8 shows a plot of 6N against
AIP where the 1least sguare line has a correlation coetfi-
cient of 0.97 @and @ slopc of 20.6 ppm/eV (lower scale in
Fig. 8, dotted lines). Similarly, §y correlates moderately
well with the m, iénization potential; correlation coeffi-
cient = 0.95%, slope = 20.2 ppm/eV. Overlap population calcu-
lations (74) have shown that 7, has a consideratly hicher
lone-pair character. 1f aniline (1a) is left out of the cor-
relation arbitrarily, there is an improvemsent in the ccrre-
lation coefticient (r = 0.980). The correlations displeyed
in Figure & suggest that both the AIPs ané the nitrogen
shifts reflect the same changes in nitrogen lone-peir delo-
calization. The near linearity seen for the correlation 1in
Figure 8 can be eXplained as & dominance of the C-N 7 Frond
character (due to 2p.-7 interaction) in the determination of
the nitrogen resonance positions. The preponderance of these

tactors may account for the high lincarity exhibitec.

The wuptfield shifts on Ili-methylation 1in the series
la= 1b-21c <can alsc be explained with the help ot FES.
Increasinyg methyl substitution reduces lone-pair interaction
with the ring.,. The influence is larger on m,, Wwhich has a

higher lone-pair character. This may reflect an increase in
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the energy difference between the unperturbed lone-pair ang
the benzene b, orbital as & function of methyl substitution.
The change in 8y parallels both AIP as well as the ioriza-
tion potential of m, « The same kind of destabilization of
the lone-pair is seen on a methyl substitution in the series
ammonia - methylamine - dimethylamine where the ionization
potential decreases in the order 10.46 6G.64 6.5 ¢V, Tres-
pectively (75). KR similar approach has been usec¢ to explain
the upfield shifts seen on N-methylation in formamide, ace-
tamide, and ureas (see Chapter 5). The change in AIP dis-
played by 1d reflects @ much 1larger change in m, and only
with the second methyl substitution is ﬁz affected (la
- 2b) . This may arise from more extensive QGOmetrfcal
changes in the dimethylanmino group itself in 2b than in 14,
or from an interchange of the relative positicns of 74 and

Ty o

The decrease in AIP has been correlated with the tcr-
sional angle about the C-N bond, giving values of 5% and

65°

for 1d anc Z2b respectively. These values are in ¢ood
agreenent with the values estimatea from UV cata (b4), anc
from pK, values cf substituted benzoic acids (56). Changes
in photoclectron ionization potentials have bLeen appliea to
geometrical studies of nitrobenzenes (61), phenols (59),
anisoles (61), =nd disulfides (76) « Ionization potentials

have beern related to the cosine ot the torsional angle @ of

the dimethylamino group in compounds 1lc, 1d, and 32 (59,¢0).

-~
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Since there is a linear correlation between O anda AIP, it
is possibtle to estimete torsional angles in compounds where
the chemical shifts are known. The values of Oy (Table III)
for 12, 19, and ég correlate (r = 0.95) with cos @ , giving
a slope of 0.22/ppn and an intercept of 0.490. Applying
these results to 0y .of 4 and 5, values of 77 and 80° for
the torsional angles are obtained. If the parenthesized
values for 4 and 5 (column 2 of Taple 111) are used instead,
in order to partially compensate for steric interactions in
the primary amines themselves, values of 74 and 770 are
obtained for 4 and 5 respectively. Since the experimental
values for 5g, %g, and gg are estimated to have an uncer-
tainty of 5 ; bLoth sets of calculated torsional &angles are
in reasonable agreement with each other. Geometrical changes
other than in the torsional angle may be anticipated. The
C-N-C bond angles are particularly susceptible to sterically
induced distorticn and this would be expected to influence
cshifts. hHowever, the correlation of the nitrogen shifts with
other data which themselves are interpretable in terms of
torsional angle distortiocn makes this structural factor

likely to exert the major influence.

In general, to the extent that the lone-pair exerts a
major paramagnetic influerice on nitroagen resonance posi-
tions, 1its removal by protonation 1is expected to result in
shielding of the nitrogen nucleus. This msy be seen (Chapter

1) in tne protonation inauced changes of pyridine (-110 ppm)



42

and azobenzene (-150 ppm) (12). The upfield shift of -5.4
ppm when aniline is protonated can be attributed to the
compensating influence of removal ot the nitrogen lone-pailr
(shielding) and generation of positive charge (deshielding).
The efftect of generation of a positive charge is seen in the
24 ppm deshielding of the ammonium ion relative to ammonia
(12). This has been shown to arise from a change 1in the
diamagnetic part of the chemical shift expression by the
presence of a positive charge (26) « The uptield shift on
protonation of 1b suggests that its lone pair is comparakbly
delocalized, while the cownfielc shift exhibited by 1lc sug-
gests that delocalization is partially inhibited. The larger
downfield protonation shifts displayed by the remeinder ot
the serics are all consistent with successive attenuation of
nitrogen lone-pair delocealization. Elthougn solvent, con-
centration, and nature of the anion are likely to influence
the shifts of the protonated compounds (45), the near con-
stancy of the values for 1¢-Y probably reflects structural
features to a large extent. Jt is also 1interesting that,
with the exception of 2b, all the resonences lie at hicher
fiela than those ©i the corresjonginde primary anilinium ions
(51) . The slight deviation ot the value fcr 5 may ke gue to
steric effects. The high rotation barrier around the C -N
bond in protonated 2b of 16.0 kcal/mocl (77) supports this
conclusion. The apparent anomalous behavior of N-methylani-
line %Q, in view of the correlation with the icnization

potential adata, must remain without explanation.
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Many properties, chemical and physical, of rinc-substi-
tuted aromatic compounds depend, at least in part, wupcn the
manner in which ring substituents modify the electronic
structure ot the molecule (78). Any physical measurenmnent,
for example, UV absorption intensities, nmr chemical shifts,
that is dependent on the electron distribution in such an
aromatic system might therefore be expected to reflect the
differences in electronic structure due to the effect of

different ring substituents.

The Hammett eguation (79), which is the basic eguation
for the stuay of substituent effects and linear free eneraqy

correlations in organic systems, 1s shown below.

log k/ko = Op

This eqguation represents the effect of ¢ substitient cn a
standard equilibrium, rate of reaction, or any physical pro-
perty of the system. The value of P varies according to the
electronic demands of the reaction or the property measured,
but is a constant for a fixed set of reaction conditions.
The 0 constant for a substituent Y (see structure I) in

the meta or para position gives a measure of its electronic
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effect on the reaction center X.

X x®

Y yo
| 1

The ¢ constant is & measure of the transmissiocn of
the substituent electronic effect to the reaction site
rather than a measure of its effect on the benzene ring
itself. 1t was recognizea earlier that ¢ values derived by
Hammett from p-substituted benzoic acids do not a&apply for
other reactions where X in 1 is not & carboxylic acid group.
This led to the derivation of new O constents, for example,
d’and o , as extremes for cases where the functional oroup
X (see structure 1) rplaced a demana on electrons or had a
surplus of them, respectively (80). Taft and his co-workers
(81) pioneered attempts to split values into inductive and
resonance contributions, The inductive rpart was ccnsidered
as the «electrical distuibance in the 0 boncés anc¢ through
space, and arose from charge distributicn in the substi-
tuent. The resonance part consisted of all disturbances
observed in the T system of the ring. Thus, the Hammett

equation can be written as

P—-—P = 0 0 + 6 P (1)
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where P, is the préperty measured with the substitdent i, B,
is the property measured with i=H, ¢, 1s the inductive con-
stant, Oy the resonance constant, and q and qz have the
same significance as explained for P . This approach, named
the Dual Substituent Parameter (DSP) analysis, has been used
extensively. Similar eqguations have been derived by Swain
and Lupton (62), Bodner and Todd (83), Coulson (&4), Yukawa
and Tsuno (685), and Dewar (86). There are excellent reviews
in the literature on the use of DSP equations for the analy-
sis of chemical reaction data (87,88). It has Leen shown
that the inductive part in equation 1, o, s which was derived
using aliphatic systems, remains constant for both the alip-
hatic anu aromatic systems (87). 1n Taft's analysis (87-89)
there are four established scales for the resonance parame-
- 0 .
ter Op : o), Orga) + Oy + and dg. The O values give the
relative chargé-transfer arilities ot substituents attached
to an otherwise unperturbed 7 - system as in monosulstituted
benzenes. The Ogpa) scale is appropriate where the prote X
(see structure I) 1is a carboxylic a&acid group joined to a
benzene ring¢. The terms o; and o0 arec appropriate to cases
where the penzene ring is electron deticient ( e.ge, p-subi-
stitutea nitrobernzenes) or electron rich (p-substituted ani-
lines) respectively. Topsom (88) has summarized the advan-
tages of DUSP analyses of chemical and spectroscofic data,
advantages which usually offset the disadvantage of increas-

ing the number of adjustable parameters.
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The effect of substituents in anilines and devivatives
has been studied extensively and different rfproperties like
basicity, UV absorption intensities, "W nmr chemical shifts
have beecn correlated with substituent peraneters. Hampmett
substituent constants ( ¢ ) have been shown to be directly
proportional to such properties of anilines as base strengtn
(90), i-H stretching freguencies (91), anc¢ amino proton
chemical shitts (92-95). The amino proton chemicel shifts
in p-substituted anilines have been correlatec with electron
aensity at nitrogen (9¢). The methyl proton chenicel shifts
of p-substituted N,N-dimethylanilines have been correlated
with Hammett o0 constants (97). Kecently, the methyl proton
chemical shifts of p-substituted N,li-dimethylarnilines have
been correlated with Dewar's F  and M constants (96). Like-
wise, the methyl l3C—H couplincg constants in p-substituted
N,N-dimethylanilines have been correlated with Hemmett o

constants (69) .

Tne 'S chemicgl shifts of p-substituteu anilines have
been determined ané they have been correlstec  with Hamnett
o constants(47). 1JN_H coupling constants 1in p-substi-
tuted anilines have been correlated with Hammctt ¢ con-
stants and have been shown to depend on solvert and hybridi-
zation ot the nitrogen (99). Taft and co-workers (87) have
analyzed Axenrod's aniline data (47) wusing & DSP approach

and have correlated them with 0; , the most appropriate con-
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stant. These two sets of data correlate with eech other
well. Nitrogen nmr spectroscopy is very useful in the analy-
sis of substituent effects in anilines, because the major
electronic change is occurring at the nitrogen. Hence, we
have determined the '°N chemical shifts of p-substituted
anilines (la-1m) and N,N-dimethylanilines ( 2a-2nmn) to assess
the effect of substituents on these shifts. In view of our
results in z,6-cialkyl-N,N-dimethylanilines, where the anino
group is twisted out of conjugation, we have znalyzed the
effect of p-substituents on the BN chemical shifts of
2,6-dimethyl- and 2,6,N,k-tetramethylanilines, (3a-3m) and
(4a-4m) , respectively. Our interest was to deternine
whether this analysis would enable us to separéte the induc-
tive ana resonance contributions of the p-substituent,
RESULTS ahD DISSCUSSI1ON

Tables IV-VII list the '’N chemicazl shifts cf compounds
l-4. Tabtle IV, which contains '35N chenical shifts of p-sub-
stitutea anilines, also lists the pka values of some of the
compounas (95) . Teple V contains 'Sk chemical shifts ot
p-substituted N,N-dimethylanilines and the ionization poten-
tial of the first bana in tne PLS spectrum of some of the
coﬁpounds (100) + Table V11l contains all the regression par-
ameters obtained from the correlation between '°N chemical

shifts and o0, and oy using Taft's DSP approach. The corre-

lations presented in Table V111 have been obtained using a
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Table IV 15N Chemical Shifts and Related Data for

p-Substituted Anilines

Number X

iz H
ik N (CH3),
ilc OCH,4
AN

id CHg
A€ F
1f Cl
A~

g B
1h I
~ Vv

1i CN

~ N
S
1k NH,
11 CH
v

1m CO0H
AN

oy ppm’

596,76
53.47
54,55
57.82
55.66
60.36
61.21
62.43
73.18
79.u48
56.01
56.09

72.34

O~
X N
. \\H

Aby.ppn°

0.0
_6029

"5.21

+1.45
+2.67
+13.42
+16.72
-3.75
-3.27

+12.5¢&

0. . N . .. .
Resonance positions to lower shielding relative to

anhydrous ammonia. Samples were run as

in DMSO.

~ 2 M solutions



R5N =8Ni=0N i=H Positive values denote shifts

to lower shielding.

CRref 96.
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Table V ISN Chenical Shifts and Kelated Data feor

p-Substituted N,N-Dimethylanilines

X

Number X
R H
%Q N(CH3),
2C CCH,4
AN

2 Chy
%e F

N
o
2Q tr
VA

2h 1
AN

2i CN

(2 Via ¥

23 NO
A 2
TS L
21 CH
AN

2in CuOh
AN

b ps in Table IV.
‘Ref. 100,

dlvot deterninead.

. a
. ppm

42.76

42.73

49.11

56.08

.26

56.64

6.6

38.44

5(‘ .bl&

_CH,
N

\\CFI

3

Adyepm®

+3.36

+14,7¢6

+23.72

-6.44
d

+14.156

1Fp,

eV

50
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Table VI '>N Chemical Shifts of p-Substituted 2,6-Dimethyl

Anilines

Number X
3a H
NNV

% N (CH3),
% OCHg,,
3d CHj,
AN

3 F

NS

ET R

% Br

3h I
AN

3i CN
n"v

37 NO
A 2
3k NHq
AN

31 OH
AN

3m COOH
AN

abps in Table 1V.

cNot determined.

dy-ppm’

53.1
57.46

56.68

NH,

b
Ady ppm

0.0
-2.4
=4.57
-3.02
-2.67
+1.69
2,91

<
+16.206
+25.27

—3.51

+12.03



Table VII "N Chemical Shifts of p-Substitutcd

2,6 N,N-Tetramethylanilines

CH
X N/ ’
CH,
Number X 0y ppm° Adwppmb
4a H 16.80
’l{}{' N(CH3)2 13.56 -3.24
4c 0CH3 4 <
[a "
yd CH, 15.97 -0.83
AN
f\{f‘ F 13.90 ‘2.?0
&& Cl < c
u% Br 17.57 +C.77
¥
4h I < <
%"
4i CN 18.23 +1.43
N
AN
4k NH, 13.67 -3.13
"
41 OH c c
4 ""
Um COOh 21.53 +4,.,73
AV
a, b

As in Table 1IV.

‘Not determined.
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Table VIII Correlation Parameters for Compounds‘ijg
Using DSP Analysis.
a - b ' d e
Compound P ;% S.D. ReMeSe f A n

12.95 21.79 0.8012 8.1572 0.09t 1l.68 10
18.05 20.19 1.8623 9.3197 0.198 1.12 9

17.29 25.03 1.3532 9.4440 0.136 1.44 8

2E 2w 2% 2»

.18 10.44 2.290 b.405 0.51¢ Z2.49 7

%.D. = Standard deviation of calcluted FI; .

®K.M.S. = Koot nean square value of Pi;
‘4 = S.D./K.M.S.

dy =

A= pp/p; -

°n = Number of points.

fDimethylamino group was not included in the calculatiorn.
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multiple recression analysis. The parameters g and p, are
constants obtained from the reqression analysis and have the
same significance as p . The value A = Q /li indicates the
relative importance of resonance and inductive transfer of
charge to the observation center, and allows an insight into
the property studied. The value f is defined as Se.De/RKeMeSs,
where S.l. is the root mean sgyuare ot the deviations, and
ReblieSe is the root mean sguare of the measured values. It
has been suggested that values of £f< 0.1 indicate excellent
fit and values between 0.1 and 0.2 acceptable ones (88). It
has been shown that calculation of f{ 1s more trustworthy in
the analysis of structure-activity relationships than the
more conventional correlation coefficient r. (87,101). Cal-

culations performed omit carboxy,hydroxy, anc¢ aminco substi-

tuents. There are no o, values for the first two substi-
tuents, ana Taft has suggesteac that because the amino
substituent can be heavily solvated, its use 1is nct proper

(87). In all the calculations performed in this study the
minimum basis set requirement (87) is met except 1in com-

pounds 3 and U.
~o ~J

The chenical shiftts presented in Table 1V conpare well
with the values obtained by Axenrod et al. (47) « The Table
also contains 15N chemical shifts for six compounds which
were not included in the previous study. As observed before,

the resonance position of aniline 1is shifted to hicher

shielding when an electron donatiny p-substituent 1is pre-
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sent. Similarly, electron withdrawing p-substituents shift
aniline's resonance position to lower tield. In the earlier
study (47), nitrogen shifts were shown to correlate with the
7t electron density at nitrogen. The pKa's of some of the
anilines also correlate with the nitrogen chemical shifte (r
= 0.97, slope = -5.45). This indicates that ditferential
solvation in this series of compounds does nct affect the
resonance positions. The results obtained from the regres-
sion analysis presented in Table VIII compare well with
those obtained by Taft using Axenrod's data (47). The A
value of 1.68 indicates that the resonance contribution of
the p-substituent predominates over the inductive contribu-
tion. The A value of 1.6& is similar to A values obtained
for ionization of p-substituted anilinium ions €7y, &elt-
hough the two experiments measure two different state pro-

perties.

Studies of chemical shifts of p-sulbstituted
N,N-dimethylanilines have not been as extensive as those ot
anilines. N-methylation of aniline results in shifts of the
nitrogen resonance to hichcr field. This has been explainec
in Chapter 2 The effect of p-substituents in
N,N-dimethylanilines ig sinilar to that observed for primary
anilines ( la-1m). The range of shifts in compounds %9‘%3 is
slightly larcer than that for af—ag. The [ and P, values
obtained for N,N-dimethylanilines are¢ higher than those for

anilines. This suggyests that the total substituent effect
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is larger in N,N-dimethylanilines than in anilinec. E )
value of 1,11 indicates that the resonance contritkution of
the substituent is only slightly larger than the inductive
contribution. This value 1is similar to those obtained for
ionization of p-substituted N,N-dimethylanilinium ions (87).
The f value +for dimethylanilines 1is higher than that
obtainea for anilines. Fkecently, the 13N chemical shifts of
p-substituted N-phenyvlaziridines have been &analysed (102).
N-phenylaziridines, which are structurally =sirilar to
N,N-dimethylanilines, show a good correlation with o, anc¢ 0y
values. The A value of 2.52 suggests that rescnance inter-
actions jpredominate even more over inductive effecte than in
N,N-dimethylanilines. The 15N chenpical <hifts of sonme
N,N-dimethylanilines do not correlate with the first ioniza-
tion bana in the PES spectrum (r = 0.83). This bano has
been identitied tc have a large lone-palr character (100).

flthough there is a poor correlation, a trend does exist.

Introduction of electron donating o-methyl groups ih ani-
line shields the nitrogen. The eftect of p-substituents in
Z,b=-dimethylanilines is similar to that obkserved for prinmeary
anilines. &n f value of (.13 indicates a good correlation
between the substituent constants and chemical shiftts. The

q and ;% values obtainea for 2,6-dimethylanilines are lar-
ger than thouse for anilines, which indicates that the total

substituent effect is larger in the former than in the lat-

ter series. A A value of 1l.44 for 2,6-dimethylanilines,
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which is slightiy 1lower than that tor anilinec, indicates
nonetheless a predominance of resonance contributions over

the inductive onese.

In 2,6,N,N-tetramethylaniline, the dimethylamino group
has been estimated to be twisted out of the benzene plane by
650 (see Chapter 2)., Introduction of a p-substituent might
have been expected to influence the nitrogen nainly vie the
o network and thus enable a distinction to bte madae between
inductive and resonance contributions of the substituent
compared with those in more highly conjugated anilines. With
this aim, we &halyzed the effect of p-substituents 1in
2,6,N,N-tetramethylanilines using the DSP apiroach. 1Insrec-
tion of Table VIII shows that 0, andogy do not correlate
with ISN chemical shifts (f = 0.51). Hence, any conclusions
drawn from the analysis &re debvataple althoush some qualita-
tive trends can be seen. One possille reason ftor the lack
of correlation may be that the degree of twisting of the
dimethylamino group depends on the p-substituent. Hence, the
extent of resonance vs. inductive contributicn to the 'SN
chemical shitt woules differ for each compouns, and rno corre-
lation woulcé be expected. The correlations were also deter-
mined using og instead of o; and the q and Qz values are
thne same in both cases.

15

In conclusion, the N chemical shifts of p-sulstituted

anilines, N,N-dimethylanilines, and 2,¢6-dimethylanilines can
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be correlated successfully with substituent constents. The
lack of correlation in 2,6,N,N-tetramethylanilines shows the
limitation of this kind of analysis. A study of
6~-substituted benzoquinuclidines where the nitrogen 1lone
pair is known to be orthogonal to the benzene ring could be
more rewarding for the separation of inductive and resonance

contributions of a substituent.
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Substituents at the 1,8-(peri) positions of the planar
naphthalene are in much closer proximity than similar sub-
stituents in aromatic systems which are 1located cortho to
each other. This geometry has been 1esposible for the exis-
tence of several wunique properties of peri-substituted
naphthalenes ( 103). Steric repulsion between bulky substi-
tuents at the peri positions can be relieved in principle by
stretching of bonds, by in-plane deflection or distortion of
the substituent, or by & changé in the geometry of the ring
itself. Steric effects in naphthalenes have been analysed by
crystal structure, UV abecorption, nmr chemicel shifts, and
FKe measurements. & few crystal structures of peri-substi-
tuted naphthalenes have beern determinec. 1In
l1,8-dinitronagphthalene steric strain is relieved by a twist-
ing of the nitro group by u3° from the ring (104,105) .
Similar twisting of the nitro «urou; has beern observed for
1,4,5,8,-tetranitronaphthalene (106). The crystal structures
of 1,8-diphenylnaphthalene (107) ana
1,4,5,8-tetraphenylnaphthalene (103) have teen enalyzec. 1n
these compounds the phenyl rings are face-to-face ané exper-
ience an in-plane srplaying of 50 away from the normal direc-
tion of an exocyclic bond. It has also been shown that in
1,8-diiodonaphthalene the 2,7-hydrogens exert buttressing
effects tavering the out-of-plane distortion of the substi-

tuent (109) . The crystal structure of
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1,8~-bis (bromomethyl)naphthalene hac been analyzed (110).
Here, steric strain is relieved by the lengthening of bonds
attached to C-1 and C-8 compared to naphthalene, by the in-
plane bending of the substituent, and by out-of-plane dis-

tortion involving the entire molecule.

Even @a proton 1in the 8-position exerts some steric
interaction on a substituent at C-1. This 1is evidencec by
the reduction in € ( v 10000) in the UV  spectrur of
1-dimethylamino-U-nitronaphthalene compared to
l-amino-4-nitronaphthaiene (111). Seversl authors (112-114)
have attributea the low-field pousition o©f the 8&-proton in
l-substituted naphthalenes to peri effects. The lower elec-
trical dirole moment of l1-dimethylaminonaphthalence compared
to 1l-aminonaphthalene hes been ascribeé to peri effects
(115) . From meclar Kerr constant studies of
l-aminonaphthalene, a torsional angle of 280 fcr the amino

group has been suggested (116).

Blder and co-workers have studied the basicity of
1,8-diesino- and 2,7-cisupstituted-1,t-diaminonapthalence
and have shown that in the latter compouncds the amino grcugps
are severely sterically hindered (117,11¢€) .
2,7-Dimethoxy-1,8-dimethylaminonaphthalene, with & phky of
216, 1is one of the strongest neutral bases, and this high
basicity has been attributed to severe steric crowding

(118) .
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Recently, Schuster and koberts (119) reported & study of
proximity effects on "5N chemical shifts. 1In this study 15N
chemical shifts of #8-substituted-l-aminonaphthalenes and
B8-substituted-1-nitronaphthalenes were deter@ined. It was
observed that the nitro anc amino nitrogens are deshielded
upon B8-substitution reyardless of the nature of the substi-
tuent. The deshielding upon substitution at the &-position
was attributed to steric effects. In view of our study on
o-substituted-N,N-dimethylanilines (Chhiapter 2) where the
amino group 1is twisted out'of conjugation, we wished to
assess the influence of this alternative kina of steric
effect, the peri interaction, on LR chemical shifts. Thus,

154 chemical shifts  of

we have determined the
1,8-diaminornaphthalenes, their protonated forms &and their
structural analogs in the benzene seriesg, namely

1,2-diaminokbenzenes.

RESULTS AND DISSCUSSION.

The ISN chemicel shifts ot 1,2-diamincbenzenes &ana
l,b-¢iamirionaphthalenes are precsented 1in Tabkles 1IX anc X
respectively. The Tables also list the '>N chemical shifts
of the protcocnated compounds. The chemical chitts of the con-
pounds were determined as 2M  solutions in DMSCG. The ani-
line nitrogen is deshielded in DMS0O compared to its reso-
nance position in the pure liguid. because DMSC is a

hydrogen-bond acceptor, it can form strong hydrogen bonds
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Table IX '’N Chemical Shifts of 1,2-DiaminoLenzenes

Compound Number dy. PPr° Op it £ PIP
@ 1 59.76 51.03 -8.73
L

57.94 48.73 -9.21

PN

@cm
NH-

52.02 ' 56.70C -1.3
NH,

w

NH,
NH,

NMe,
4 4u.68 47.53 +2.75
NMe,
CH,
. 5 33.83 T 46,03 +12.2

o

NMe,
, 37087 32029 -’J.58
NMez
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“Resonance positions to lower shielding relative to
anhydrous ammonia. Samples were run as ~2 M
solutions in DMSOC.

bAs trifluorocacetates in chloroform amine:Tth is 1:2 M.
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Table X BN Chemical Shifts of l1,8-Diaminonaghthalenes

Compound Number ppm ppm
NH,
“ 1 62.55 " uy,.39 -18.16
NH, NH,
“ Q 68.10 48,03 -20.07
NMe,
“ g 35.93 4y ,eu4 +8,71
N
NMe2 Nmez
AN

As in Table IX.
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with the amino protons, &nd this 1s known to.deshielc the
nitrogen. The effect of solvent on the aniline nitrogen
resonance positicn has been studiea in detail (120,121). The
effect of N-methylation ana o-methyl substitution in aniline
has already been explained in Chapter 2. Substitution of an
ortho amino group in &niline shifts the nitrcgen resonsnce
to higher shielding. This may be attributec in part to a
reauction of nitrogen lone-pair delocalization by the pres-
ence of an additional electron-conating substituent. The
change 1s similar to the upfield shift exhibited by o-tolui-
dine compared to aniline, where an electron-donating methyl
group shields the nitrogen. The two amino groups in o-pheny-
lenediamine are 7Y 1o each other. A Y substituent which is
electroncgative cenerally shields nitrogen (13,41). Thus,
the shielding arising from o-amino substitution in aniline
can in part be ascrived also to VY effects.‘ Similar upfield
shifts are observed in '3C chemical shifts cf tcluene on
o-methyl sukbkstitution (122) and the '?F cheniceal shifts of
fluorobenzene on o-fluoro substitution (123). For example,
the methyl 13C chenical shift of o-xylene is 1.7 ppm to
higher shielding than that ot toluene ano  the '?F chemical
snift of o-ciflucrovenzene 1is 25.7 ppm to higher shielcing
than that of flucrobenzene. Substitution of a methyl group
at the 2-position in N,N-dimethylaniline results in a large
shielding of the nitrogen. This has been attributed to the

twisting of the dimethylamino group o©ut of conjugation (see

Chapter 2). Similar placement of a dimethylamino group at
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C-2 in N,N-dimethylaniline shifts the resonance position
upfield pbut by w7 ppme This decrease compared with o-pheny-
lenediamine may be attributed to two factors. First, the
electron density 1in the benzene ring 1is increased by the
presence of an electron donating dimethylamino grcup,
resulting in reduced conjuuvation. Second, the presence of a
bulky dimethylamino group can result in a twisting of the
dimethylamino group out of conjugation. Molecular models
indicate that there is considerable steric crowding in com-
pound 6 and a conformation (shown below) in which one of the
nitrogens is twisted out of conjugation may be a favorable
one. Ihe presence of a single resonance for compouno §
implies &« time-averaged signal corresponding to the coriju-
gated and non-conjugated dimethylamino groupse. This could
account tor the fact that the nitrogen is not as shieldecd as
that in 2,N,N-trimethylaniline. 1t is interesting to note
that introduction cf an amino substituent at the 2-position
in aniline and N,N-dimethylaniline induces approximately the

same change in chemical shift.

Q )
H','/ \NH H/ \‘H

3

o

Protonation ot aniline and o-toluidine 1leads to
shielding ot the nitrogens, as was discussed in Chapter 2.

The effect of protonation in.; is also shieldince. & shiela-
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ing of a larger magnitude is observea for 6+ Compounds 3 and
g‘are monoprotonated under the experimental conditions ucsed

for the study (i24).

H H | CH, CH,
\

\N./ N

\H+ i‘l"'

Nr/ N'/
7\ /\

H H CH, CH,

The protonated forms of é\and 6 can ftorm & stable
S-memberea ringe. The shielding on protonaticn of 3 and~g
represents & change 1n direction opposite to what is ais-
played by 4. The incorporation of a proton into a five-mem-
bered ring in 3 and é~may be a reascn for upfielcd shitts,
although this is highly speculative. This explanation can be
slightly substantiated by the deshielding of 5 on protona-
tion. Presumably $ experiences similar steric interactions
as 6 but the proton cannot be a part of a rinue. &s explained
in Chapter 1, the effect of protonation is very much dejen-
dent on concentration, pH, and counterion and these factors
have not been assessed here. Thus a clear e¢xplanstion for
the upfield shifts in 3 and £ awaite further experinenta-

tion.

Compared to aniline, 1-aminonaphthalene (7) is slichtly
deshielded. Molar bhkerr constant studies indicate that the
amino group in the lattexr compound is twisted out cf conju-

gation by 28° (116). 1In view of this, deshielding of J com-
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pared to aniline is remarkable. Conceivably, the second
fused benzene ring may induce additional deshielding. N-me-
thylation of 1-aminonaphthalene shields the nitrogen by
almost twice the amohnt { ~27 ppm) displayed by
N,N-dimethylaniline (~15 ppm) (}25). The additional 12 gpm
shielding observed for § can be attributed to twisting of
the bulky dimethylamino group out of conjugation, increasing
the nitrogen electron density and decreasing the C-N 7T bond
order. Introduction of an amino group at the &-position in 7
to give 8 deshields the nitrogen. This effect is oppsite to
that observed for m-substitution in aniline, where a very
small shielding arises. & deshielding in lg arises on intro-
duction of @& dimethylamino group in the 6&6-positicn in~2.
This change parallels that noted by Schuster and Roberts
(118), cited above. The magnitude of deshielding on going
from 3§ to 10 is slightly larger tnan on going from 7 to B
The crystal structure of %9 has been determinec¢ (126) and

the most probable conformation is as shown below.

Here, the methyl groups are not in the most favorahkle loca-
tion to avoid the hydrogens on C-2 and C-7, and the unshared

electron pairs are not face-to-face. The presence of a sin-
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gle resonance for 10 indicates a time averaged signal; The
deshielding on substitution in the peri position seems to be
common regardless of the nucleus observed. For example, the
'3¢ resonance position of 1,8-dimethylnaphthalene is .8 ppm
to lower field from that of 1-methylnaphthalene (122).
Similarly, the 19 p resonance positicon of
1,86-difluoronaphthalene is w8 ppm downfield from that of

1-fluoronaphthalene (123).

The effect of protonation in the naphthalene series is
similar to that in the anilines. FProtonation of 7 substen-
tially shields the nitrogen, analouous to the behavior of
aniline. By contrast, protonation of 9 results in a desh-
ielding similar to that observed for N,N-dimethylaniline.
The effect of protonation on 8 and 19 is in the same direc-
tion as that for 3 and §. A crystal structure fcr mcnoproto-
nated 10 (127) shows that the proton sits between the nitro-
gens and forms a six-membered ring. The methyl croups are
above and below the plane of the ring. 'H nmr stucdies of 10
under the experimental conditions used in this study have
shown that & proton is held 1in between the twe nitrogens as
part of a six-membered ring and that the resonance position
of the proton 1is intfluenced by concentration and nature of
the medium (126) . It should be noted thet, with acmittedly
deficient protonated 9 and unprotonated £Q as models, the

resonance positicn of protonated 39 does not corresigond to a

time averaged signal. The shielding on protonation in @ and
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10 remains & puzzle. Further experimentation is needed to

assess these shielding effects.
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Compounds containing N-C-0 or N-C-S linkages characteris-
tic of amides and polypeptides are important biologically.
Ureas are chemically and pharmacologically important because
they are effective protein denaturants ana because the urea
moiety is a structural element in biologically active com-
pounds such as barbiturates and purine bases. The main focus
of the different types of aﬁalysis of these basic units has
been to establish structure-activity relationshirps. With
this knowledge one can then try to analyze properties of

larger biologically active molecules.

Amides a&nd related compounds have 'been studied exten-
sively by nuclear magnetic resonance spectroscopye. The dis-
covery that methyl groups in N,N-dimethyltorrnamide are mag-
netically non-equivalent gave birth to dynamic nmr studies
(129) . Most of the nmr studies of these compounds are con-
cerned with the partial double-bonc character of the C-N
bond. This double-bond character arises from the contribu-

tion of resonance structure ‘11 to the ground state.

X |
A R, < >/c\+
R N R
\R2 I
| Il R,

o
I

_R, alkyl,aryl.
N X =0, 5.
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Earlier 'H nmr studies of these compounds have focussed
on determinations of isomer ratios (cis and trans isomercs in
monosubstituted compounds) and on barriers for rotation

around the C-N bond (130-133).

With the availatbility of modern FT nnr spectrometers,
amides and related compounds have been extensively stucied

'SN nmr spectroscopys. The main focus of 13¢

by 13C, '4N, and
nmr studies of these compounds has been to determine chemi-
cal shifts of the carbonyl (or thiocarbonyl) carbons with
the aim of identifying these fragments in the anelysis of

polypeptides (134-136). Thioamides and thioureas have &also

been studied by ]3C nmr spectroscopy (137-138) .

Nitrogen nmr spectroccopy has been used extensively 1in
the study of N-C=X fragbents. The major edveantage of nitro-
gen nmr spectroscopy in studying these compounds is that one
can focus on the nitrogen where most of the electronic
change is taking place. The effects of alkyl and aryl sub-
stitution on '°N chemical shifts of amides have been exten-
sively cnaracterizec (13¢-139). The influence of solvente on

15,.
N nmr

amide nitrogen chemical shifts has been studied by
(140) . Recently, 5N chemical shifts ot acetanides have been

used as models for studies of peptides (141) .

In contrast to amides, considerably less attention has

been paid to the nmr spectroscopy of ureas and thioureas.
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Some early 14N nmr results on ureas (142,143) and thioureas

(144) have been reported. The identification of resonances

in unsymmetrically substituted ureas and thioureas by 14N

nmr is hampered by the inherently broad signals arising from

44N guadrupolar relaxation. Isolated examples of 15y chemi-

cal shifts for urea (138), thiourea (41), and tetramethylu-
rea (142) and its thio analog (13§) have-been reported, and

154 chemical shifts of urea and methylurecas have recently

—

been determined in water (145). However, because no syste-
matic study of structurcal effects on 15N chemical shifts of
these compounds exists, we have measured these guantities in
an extensive series of compounds ana report these results

here.

Besides determining effects of substitution, for compari-
son and contrast with amides, we also wished t¢ evaluate the
suggestion (138,139) that 5§ shifts in these materials can
be wused to determine rotational barriers around the C-N
bond. Activation energy barriers for C-N bond rotation in

13

1H or C

ureas are small and are not easily obtainable by
nmr spectroscopy (146-14€). Thie slightly hicher barriers in
the thio anzloys have been determined by 'H  (149) ané °C
(150) dynamic nmIr spectroscopy. By comparison ¢of the few
known experimental values (148,151,152) with those based on
the suggested relationship between 5N shifts and rotational

barriers, we will assess whether the equations derived for

amides give meaningful results in ureas and thioureas.
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Recently, Martin and co-workers have determined 15N cherical
shifts of some wureas ana thioureas and have estimitated
rotational Lbarriers using a modified form ot their's amide

equation (153).

This chapter is_divided into two parts. First, the ureas

are presented, and then the thioureas.

RESULTS AND DISCUSSION

The 15N chemical shifts ot ureas la-1f (see Chart 1I) are

14N chemical

given in Table X1, which also includes some
shifts (142,143), photoelectron vertical ionization poten-
tials for methylurecs (15“) and 13¢ chemical shifts of the
urea carbonyl carbons, some of which have been reported
(155,156) . Tables XI and XII list similar data fcor compounds
23—29 and 39-25 (see Charts III and 1IV) respectively. Sol-
vent affects resonance positions of urea nitrogens to ¢if-
ferent degrees. The '3 chewichl shitts in water of ulea
and some methylureas reported in the literature (145) do not
correspond with those in Table Xl1. 1In water, the chenrical
shifts of the nitrogens in methylurea do not differ. 15N
chemical shifts of urea nitrogens in both DMF and DMSO show

similar trends although there 1is a «ww 1 ppm deshielding

effect in DMSC. Dilution from 4M to 2M concentrations in DMF
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Table X1 '°N Chemical Shifts and Related Data fcr hethylureas

Oy Ppm®
b b b e
Compound 4 DME® 2MDME™ 4M DMSO® 8y,ppn Ogopbn® I.B eV I.P eV®

ia 5.00 74,94 77.59 75.0 1€1.1 10.22 10.78
ip N, = 69.07 68.71 70.09 71.29 159.& .21 10.23
i¢ 66.61 66,65 67.99 69.4° 155.5 9.23 9.73
ig N, = 65.57" 60.80 159.4 8.27 9.93

N, = 72.70 76.23
et o= 62.92 63.51 159.0 &£.80 9.93

Ny = 67.62" 66.71
if 63.51 62.66 63.51 59.7" 164.6 E.64 6.98

“Measured with respect to external ChzhO,, converted to
anhydrous ammcnia scale (ref 63) via the relationship
OnNHg = OcHyno, + 380.23

bpMEF= N,N-dimethylformamide, DMSO= dimecthylsulfoxide.
‘References 143 and 144; pure liguids except as noted.

d . ) . . .
Urea cartonyl chemical shift, measured as < M solutions



in DMSO, reported with respect to tetramethylsilane.
°Photoelectron ionization potential, ref 154,
fconcentrations not known.

9Aqueous solution.

hAcetone solution.
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Table XII '’N Chemical Shift and kKelated Data for

Monosubstituted Ureas

éN' ppl’“o
Compound 4 % DME® 2 M DME® 4 M DMSO® duppnt g prpnd
2a Ny = 87.22 86473 £8.07 90.7°
AN
2b N;= 83.71 83.35 YT
an
Npy= 72.94 72.46 75.12 1593
2C Ny= 100.65 100.77 101.77
[a eV}
Ny= 71.66 73.07 73.07
2d N,= £3.83 83.59 8U .66 90.7
AN
Np= 72.94 72.63 75.12 67.7 160.0
2¢ Ni= 82.33 8190 159.2
[a VAV
Ny= 73.07 72.58
2f Ny = 103.91"  104.69 105.25" : 158.4
[a WV
No= 74.15 73.79 76.33
29 Ny= 105.73  105.61 106.82 99.5" 156,06
\
N2= 7705“ 7700() 79.5“ 69.0
2h Ny= 80.73 £0.33 £1.3
N
Np= 73.31 72.94 75.6 159.3

°hpootnotes as in Table XI
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Table XIII '’>N Chemical Shifts and kelated Data for

1,3-Disubstituted_Ureas

6N ’ |:)[.‘H‘l’\°
Compound 4 ¥ DMF® 2 M DMF® 2 M DMSO® &14,ppnt  bgoiFPD
3z 84,92 gL .68 85,77 £9.6 156.2
2 f f
b g2.41 £2.41 82.31 158,3
3¢ 107.671 107.67' 108.88f 104.3"  152.6

°hps in Table XI.
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also seems to have very little efect on urea resonance
positions. Comparison with the results in water (145%5) sug-
gests that hydrogen bonding or association o¢f ureas 1in a
hydrophilic solvent can play a role in influencing the xeéo-
nance positions as is known to be the case in amides. NMore
experimentation is needeu to assess the importance of sol-

vent effects in these compounds.

Since amides ana ureac are very closely related com-
pounds, it is useful to compare their nitrogen chemical
shifts. In»general a urea nitrogen is shielded comparec to
the corresponding amide nitrogen. For example, the 155 chem-
ical shift of formamide (63) 1lies 40 ppm to lower shielding
compared with that ot urea. The shielding trend in ureas can
be explainec by a decrease in nitrogen lone-pair delocaliza-
tion 5ecause cf cross-conjugative interacticn of the two
nitrogens with the carbonyl group. This kind of cross-conju-
" gation is not present in emides. The argument 1is basecd on
the assumption that nitrogen lone-pair delocalization
results in deshielding. Further eviadence for this can be
seen in the lower field resonance positions cof the unsubsti-
tuted nitrocen in monoaryl substituted urcas, where an acdi-

tional pathway tor delocalization is available.

The effect of methylation in both urea and formamide
leads to some very interesting results, N-methylation

results in shielding in both sets of compounds. The direc-
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tion of the shielding persists in the series - urca =

methylurca = tetramethylurea and in formamicde ->hN-mehtyl-
formamide = N,N-dimethylformaide (63). N-Methylation of
urea to give 1b results in a shielding of 6 ppn of the
substituted nitrogen. Further methylation of the substituted

nitrogen to give 1d results in an additional but smaller

shielding of 3¢5 [pphis Methylation of the unsubstituted
nitrogen in 14 to give le and 1f result in similar shielding
I~ L g ~s
effects.
d
H3C_ H3C %y H3C\\ // Hy
N—C—NH, N—¢—N //N——ﬁ——N\
H3C// o H3C// o Ny H3C °© CH,
d e "

These upfield shifts on methylation contrast with 3¢ cheni-
cal shifts of structurally analogous alkyl ketones, where
downfield shifts of wz.5 ppm for the carbonyl carbon per
addition of carbon are observed (157). N-methylation of
aliphatic anines deshields the nitrogen. For exerple, the
chemical shift of methylamine is 1.3 ppm to lower shielding
compared to that of ammonia. There are a tew reports of
shielding by @ -methylation at nitrogen (13,45,€¢-6b,3%¢8).

These effecls were discussed in Chapter 2.

Alkylation at positions g , y , and @ to nitrogen in
urea leads to shifts expected on the basis of results in
saturated amines. B-Rlkyl substitution of a urea nitrocen

results in a large deshielding similar to that diplayed by
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nitrogens in.amides (139) and alkylamines (13). Upon ¥ ana

0 alkyl substitution a small shielding is observed. Crant
and Paul have devised methods to calculate substituent par-
ameters from '3C chemical shifts of alkanes (159,1¢€0) &
Recently, @ similar analysis has been carried out for the
'5N chemical shift of aliphatic amines (30). Kegression
analysis of the urea data presented here, followinc largely
the method of Grant and Paul (160), results in the substi-
tuent parameters given in Table XIV., Comparison of calcu-
lated with observed shifts, gives a correlation coefficient
r = 0.995. Owing to the 1limited data, possible effects of
branching were not taken into account. The value for t-buty-
lurea %I was not included in the regression analysis because
of its large deviation from the regression line. The substi-
tuent parameters presented in Table XIV are definea accord-

ing to the structure below.

kith the exception oi° the o -parameter the substituent
parameters in Table X1V show trends similar to those of V3¢
substituent parameters for aliphatic amines. Magnitudes in
the latter case are slightly different. For example, the
parameter for aliphatic amines is w2 ppm larger than that
for ureas. The small values of ¥, §', and € obtained show

that the chemical shifts ot the unsubstituted nitrogens are



Table XIV

Pocsition

D T « N >

[~2)

“Positive
bConstant

Standard

Substituent Parameters for Alkylurecs

Substituent Noe. oOf
Parameter, ppm® Points Used

-4 .64 0.40 15
16.61 0.56 7
-1.81 0.53 g
-0.67 0.92 2
-0.96 0.37 12

0.51 0.58 £
-0.36 0.87 4

values denote shifts to lower field.
value = 72.61 ppm.

deviation 0.96 ppm.

b

84



85
not greatly affected by substitution on the other nitrocen.,
There is a change in the sign of the o -parameter 1in the
case 0of wureas. The O -parameter for aliphatic amines is
+6.7 (deshielding) and that for wurea is -4.64 (shielding).

This will be discussed below.

N and '5N chemical shifts of ureas show similar trends
(see Table X1), except for a few values. These few differ-
ences may arise from the inherent imprecision in 4N chemi-
cal shift measurement, and from differences in measurenent
conditions. These factors could account fc¢r the earlier
conclusion, now known to be erroneous, that methyl substitu-

tion has no eftect on urea nitrogen chemical shifts.

'3C cnemical shifts of the carbonyl carbon in ureas do
not vary much on substitution &t nitrogen (see Teable XI).
The same result was oObserved for amide carbonyl car-
bons (13%). A plot of V5N chemical shifts of urea nitrogens
against the '3C chenical shifts ot the correspondirg carbo-
nyl carbons results in a very poor correlation (r<0.8). One
might nhave expected a goud correlation between the two sets
of data 1if they are affected in the same way by nitroqen

lone-pair delocalization.

Shielding of the nitrogen nucleus in ureas on methyl sub-
stitution can be explained as a reduction in nitrogen 1lone-

pair delocalization into the carbonyl carbon. This reduction
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in lone-pair delocalization results in &n increase 1in
electron density at the substituted nitrogen atom and also
reduces the double bond character in the C-N bond. According
to the Karplus-Pople (23) treatment of chemical shifts, a
decrease in the double bond character results in a decrease
in the paramaygnetic term 1in the shielding expression and
thereby shields the nitrogen. As explained in Chapter 1, the
paramagnetic term governs the resonance position of nitrcgen
nucleus. Similar arguments were used in Chapter 2 to explain
the upfield O -methylation shifts of methylanilines and
nitrogen chemical shifts of conjugatively substituted ani-

lines (46,47,49).

Photoelectron spectroscopy (PES) has been a great asset
in rationalization of '’N chemical shifts as has been
demonstratec¢ in discussing the upfield shifts in methylani-
lines (see Chapter 2). The above approach suggests that

a-methylation 1inhibits p-7 interaction between the
nitrogen 1lone-pair &nd the adjacent T systen (carbtonyl
group), possibly by increasing the energy difference between
the nitrogen lone-pair and the non-perturced 7 systen. &
similar argument can be used to analyze other ccnjucated
systems. The 5N chemical shifts of formamides and acetam-
ides are analyzed below with the help of PES. The 'SN chemi-
cal shifts of methyl substituted formamides and acetamides
and the ionization potentials arising from the highest occu-

pied molecular orbitals are listed in Table XV. Examination
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Table XV ISN Chemical Shifts and Vertical Ionization

Potentials for Formamides and Acetamides

Compound R R 0y ppm®Be  IP ([T), ev®
R
H H 112.4 10.52
NCHO
/ H CH, 109.6 9.87
R .
CH, CH, 104.8 9.25
R\ o H H 110.5 10.32
i .
H CH 106.3 9.68
/NCCH3 Hj
R CHg, CH, 98.3 9.09

“Downfield from anhydrous ammonia.

berom ref 139.

‘The chemical shifts were derived from those reported
in ref 139 by addition of 378.5 Ppme

dref 161.
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Figure 9. Plot of Ionization Potentials vs. 15N Chemical

Shifts of Formamides and Acetamides.
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of Table XV shows that the ionization potential of the
highest occupied molecular orbital decreases upon methyla-
tion. Calculations suggest that this orbital is rather
highly 1localized on nitrogen (161), although recent calcula-
tions have 1indicatecd that assignment of ionization poten-
tials may be ambiguous (162). - The '°N chemical shifts of
methyl-substituted formamides and acetamides correlate sepa-
rately (r = 0.968 and r = 0.980 respectively) anc together
(r = 0.,920) with the photoelectron ionization potentials.
Figure 9 shows a plot of these two sets of data. MkMicrowave
data for methylated formamides have been reportec (1¢3),
which indicate that the amide C-N bonds remain torsicnally
undistorted as a result of methyl substitution. Therefcre,
the shielding upon methylation and lowering of ionization
potentials can be ascribed to the inhibition of p-7 inter-

action as in N-methylatec¢ anilines.

We: have tried a similar approach to explain the upfield
shifts on d-methylation in ureas by seeking a correlation
between nitrogen chemical shitts with appropriate ionization
protentials. Secelection of these 1is, however, not stireightfor-
ward. The photoelectron spectra of methylureas have teen
analyzed in great cetail by McGlynn et al. (154). They were
able to identify T - type orbitals associated with each
nitrogen and estimate the influence of alkyl substitution on
lone-pair interaction. As alluded to above, Trecauction of

lone-pair delocalization in urea compared to amides becezuse
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of cross-conjugation can be verified by comparing the
ionization potential 1in urea with that of the amide. The
lower value for 7 of the wureas compared to the amides sug-
gests greater localization of electron dens@ty at the nitro-
gen. For example, the value for wurea is 0.27 eV less than
that for formamide (l64) . With the help of published cata
(154) it 1is possible to approximate the effect o¢f methyl
substitution on the ionization potential ot each nitrogen
separately. This approximation is based on the essumption
that the ionization potential which changes more on substi-
tution can be @&ttributea largyely to the substituted nitro-
gen. The m and 7, orbitals arising from the interaction

between the two nitrogens in urea are shown below.
o’to - lc{’
ORBITAL
NS N\
ENERGY N N

/ \
oo =

As can be seen from the diagram above both 7 and ™,
orbitals have electron density on the nitrogen atom. The

orbital 7, which has a larger electron density at nitrogen
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is affected to a 1a£ger extent on substitution. Methylation
results in destabilization of both 7 and 7, that is similar
to that observed in methylanilines. T, displays a satura-
tion effect when nitrogen 1is completely substituted, while

7T continues to decrease on further substitution
(}/c\i —>£¢3 eli) . The explanation for the above behavior is
that the electron density on 7§ 1is more heavily localizeg at
the fully substituted nitrogen and further substitution
occurs at a site where electron density is low. This ena-
bles one to pick out the ionization potential of the nitro-
gen undergoing substitution and helprs in characterizing
and 7, basec on the fact that the nitrocen undergcing sub-
stitution also undergoes a large change in ionization poten-

tial.

Figure¢ 10 shows a plot of methylurca "5\ cherical shifts
against AIF (see discussion below). The A1P differences

were derivea as fcllows: for unsymmetricel ureas (1b,1d4,1

(34
N N~

)
the ™ and 7, ionization potentials were assignec¢ to the
more and less highly substituted nitrogens. The difference
between ¢ach of these and the corresponaing value for urea
itself gives AIP for each nitroyen. For symmetrical ureas,
AlP is the difference between tne averaoce ionization pcten-
tiél of the substituted urea and the average value for urea
itself, 10.53 eV. The 1.P. values are listed in Table XI.
Tne @y in Figure 10 is the difference in chemical shift of

the nitrogen and the value for urea. From Figure 10 it is
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evident that while there is considerable scatter (r = 0.E8)
a trend exists, and nitrogen shifts can be related in a qua-
litative manner to ionization potentials. The absence cof a
clear correlation in Figure 10 may arise because cf steric
effects in the more highly substituted ureas (19,11) which
concelivably could inhibit delocalization in a manner
reflected differently by the two methods. NO structural data
are available for {g or %{. A crystal structure of tetrame-
thylthiourez has been determined, showing it tc¢ be nonplanar
(165). The observation of a single resonance for %2 (see
Table X1) could be due to two factors. The signal seen may
be a time-averaged value between conjugated and non-conju-
gated nitrogen nuclei or it could reflect a single species
in which conjugation of both nitrogens is peartially inhi-
bited to the same extent. 1t is hard to independently assess
these factors. The reported low rotationel barrier for 5{
{(150) supports the suggestion of an average value of conju-

gated and non-conjugated species.

Examination of Table XIV shows that higcher alkyl substi-
tution displays similar trends to those displayed by amicdes.
The S -perameter is & large deshielcing etfect ot w16 pgm,
and is almost twice that seen in the '3C carbon shifts of
alkanes. Table XIV alsc shows that the Y parameter is
smaller than the ¥’ parameter, althouygh both have the same
sign. This may be due to electronic differences in the

intervening bonds as well as conformational differences.



94

The effect of a phenyl group is large compared to alkyl
groups. The phenyl group can delocalize lone-pair electrons
and deshields the nitrogen. The large deviation in chemical

shift of t-butylurea 2f remains a puzzle.

As alluded to earlier, an important aspect cf the stuéy
of amides and related compounds has been to determine rota-
tional barriers by dynamic H and '3C nmr spectroscopy. The
same‘tecnniques hhave been applied to & lesser extent to adet-
ermine barriers in ureas. B few scattered datea on the barri-
ers have been reportea (136,139,150-1£2) . Thus & value of
11.7 kcal/mol was derivec from the total 1line she&pe analysis
of the temperature-dependent urea Ty srectrunm (151z). From
T,p measurements, the rotational barrier for tetxamethylufoa
1f was estimated to be 6.4 kcal/mol (151t). This value hLas
been confirmed by 3¢ nmr experiments (15C). The main draw-
back in determination of bafriers by 'H nmr lies in the fact
that the protonson the alkyl substituent freguently show no

maghetic non-eguivalence even &t low temperatures (14&,1€¢).

Recently, 158 chemical shift determinations heve been
suggested to be usetul in evaluating activation energy bar-
riers for C-N bona rotation 1in amides and derivatives
(138,139). The main assumption in this approach is that both

15N chemical shifts ancé rotational barriers are directly
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dependent on the extent of nitrogen lone-pair delocalization
in the ground state. This approach appears to give reasona-
ble values for amide rotational barriers, whose values span
a fairly large range (139). In order to evaluate this highly
empirical approach, eguations 1 anéd 2, which had been der-
ived for amides, have been applied to estimate rotational

barriers in alkyl substituted ureas:

Eq (kcal/mol) -2.1 0y + 0.21 (1) for methylureas

-7.8 On + 0.208 (2) for other alkyl

Es (kcal/mol)

Ure€as

Equations 1 and 2 shown above are the same eguations der-
ived for amides (139) with slight mocdificaticr, and have
been reformulated to be consistent with the ammonia refer-

ence used here.

Eguation 1 has been derived for evaluation of rotational
barriers for the -Nh, group of the monosubstituted urea and
for methyl substituted wurea. tyuation 2 applies to hicher
alkylureas where the constant term corrects for the substi-
tuent effects cn the '>N cnemical shifts. 7This method
assumes that the substituent etfecte &re independent of

rotational barriers.

Direct substitution of the '°N chemical shifts into egua-
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tions 1 and 2 gives values for 1a and 1f which deviate
substantially from the measured values (150,151a). In a
recent attempt toc address this discrepancy, Anet and Ghiaci
(150) have suggested that equations 1 and 2 may still be
used if appropriately modified. The suggestion of Anet and
Ghiaci can be pictorially represented as below for tetrame-

thylurea 1f.
A

0
i 0
3 3 ~
N W oM e N N
L " N R I
CHy  CH, HAC CHy HiC CH,
m , v v

The rotational process involves the following. In struc-
ture 111 both nitrogens are conjugated with the carbonyl
group., kotation about both C-N bonds results 1in structure
1V. 1f one of the nitrocgen rotates first, the resulting
structure is V. In V the other nitrogen is still conjugated
and resembles an amide. The value predicted from equation 1
is the one for structurc V. To evaluate E, the follecwing
procedure has to be carried out. First the value obtained
from eguation 1 is doubled ( to optain bg for 1IV) and from
this value, the Ly value for the residual amide conjugation
is subtracted to get the value for rotation. The above

approach is exemplified for compound 1f:
N~

Eq from equation 1 for 1f = 11.2 kcal/mol

A
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H - )
Wf" 3 = 173 kcal/mol

Eqa for

Ee for 1f = 2(11.2)-17.3= 5.1 kcal/mol
VN

The values thus obtained for compounds £§—£f are pre-

15y

sented in Table XVl1. Eqguation 1 1is very sensitive to
chemical shifts. & change of 0.5 ppm in chemical shift
results in a change of 1 kcal/mol in Eg. Application of
equations 1 and 2 is simple 1in the case of symmetrical
ureas. The values listed in Table XVI agree reaspnably well
with literature values. The calculation of Eg for %E anc %E
using equation 2 gives values which must be toco 1low. 1f
equation 1 is used to calculate values for éf and 22, the
results are 10 kcals/mol higher than listea in Table XVI.
Use of eguation 1 for %i and %R is inappropriete because it
was derived from data for N-methylated compounds only.
Other problems with this method also exist. Application of
eguation 1 to compounds within a small subset gives results
which are exactly opposite to those of experiments. For
example, 1in the series formamide —> N-methylformamide —>
N,N-dimethylformamice the "N chemical shifts move to higher
shielding. Equation 1 predicts a decrease in rotational bar-
rier along this series. Independent measurements have shown
that E4 increases in the above series. by contrast, Eq for
rotation around the (H3C5N bond of N,N-dimethylbiuret is

less thanN for rotation the H,N-C bond (152).
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Table XVI Calculated Activation.Energies of ARlkylureas®

Compound Eq (Ny) ., Ea (Ng) »

kcal/mol kcal/mol

la 10.€

AA

%R 8.1 6.4
%g 5.6

1d 6.6 9,0
AN

%Q 4,2 6.9
1f S.1

AN

2a 4,0 Bl
AN

%Q 2.5 S.u
2C 9,5 7.0
NN

24 2.6 6.l
an

2¢ 1.9 6.5
AN

<f 9.9 8.9
AN

3a 1.7

AN

3b 0.7

N

“Activution energies for 1a-1t ané¢ for the NH, yroup ct
2a-2h were calculated using equaticn 1. hemaining

values were derived from equation 2.
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Thus it is <clear that numerical values obtained from egua-

tions 1 and 2 are likely to be inconsistent.

Application of equations 1 and 2 to unsymmetrical ureas
is problematic. Following the method of Rnet and Ghiaci one
must apply app:opriate correction velues for residual amide
rotational tarriers. For example, estimation of the barrier
for N of uE requires that the result obtained from eguation
1 (12.4 kcal/mol) first be doubled, then be reduced by the
rotational barrier for propionamide, the most appropriate
isosteric amide. The values for alkylamides fall in the
region of 16-18 kcal/mol and depernnd markealy or solvent
(161) . A value of 16.7 kcal/mol (based on acetamide) &= a
correction factor for substitutec urea nitrogens and 18.0
kcal/mol (h-ethylacetamide) as correction a tactor for
unsubstituted nitrogens have becen used for unsymmetrical
ureas listea in Table XVI. The values for ég-g\appear to be

too low. HAn increase 1in the size ot alkyl substituent

(2a =>»2c =—»2f) apparently increases LEg. These results are
N~ ~~
opposite to those obtained in alkyl sulbstituted

N,N-dimethylacetamices where an increasc 1in size @ecrezses
the rotational barrier (1¢8). The aprarent increacse 1ir kg
with size also constrasts with results in amides, where an
inérease in size of an N-alkyl substituent does nct affect

the rotational barrier to a large extent.

Thus, while 5N chemical shifts may in fact be relatea to



100

rotational barriers, quantitative evaluations are
guestionable. Direct determination by DNMR spectroscopy
still remains the most reliable method for evaluating rota-

tional barriers.

IHIOQUKEAS

Thioanides and thioureas have been studied to a lescser
extent than their oxo analogs. The proton chemical shifts in
thiocamides and thioureas are deshielded conmpared to those of
the oxo compounds (132,133). The deshielding has been attri-
tuted to the greater anisotropy of thrioamides then amides
(169,170), The main focus in the study of thioamides and
thioureas h&s been to determine isomer ratios in monosubsti-
tuted compounds and to determine rotational barriers. Mono-
substituted thicamices exicst in both cis and trens contigu-
rations. The 1isomer ratios in several monosubstituted

thioamides have been determined (171,172).

3¢ nmr spectroscopy has been used to cneracterize some
thicamides &nd thioureas (137,13€¢,173,174). here, too, the
maln focus has been getermination of rotationel barriers
(137) . 14N chemical shifts of some alkyl &anc aryl substi-
tuted thiocamides have been reported (144) . £ few thioureas
have also been studied by both 14N (143) and TSN nnr (138).
ARctivation energies for 7rotation around the C-k bond in

thiocamides (175), thiocacetamides (167), ana thiocureas (149)
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have been reported.

Here, we report a detailed study of ‘SN chemical shifts
of thioureas. We have also estimated activation energies for
rotation around the C-N bond using equations cerived for
amides (138) and have compared them with values in the 1lit-

erature.

RESULTS AND DISCUSSION:

The '\ chemical shifts of compounds Qg-%g (see Chart V)
in dimethyl sulfcxide (DMSO) and pyridine are listed in
Table XVil. The Table also lists '3C chemical shifts of the
thiocarbonyl carbon and reported activation energy barriers.
15N chemical shifts cof be-4g in UM50 are slightly mcre decsh-
ielded than in pyridine. The trends displayed in each sol-
vent are the same.

15 chemical shifts of

It 1is useful to compare the
thioureas with those of the closely related thioamides and
ureas. The '°N nucleus of thiourea (4a) 1< aeshielded by 33
ppm from that of urec. From the few scattered data availectble
for thioamides, it can be seen that the thiourea resonances
lie at a higher field than the corresponding thiocamides. For
example, the resonance of 3£ is 60 pprn upfield from that

of N,N-dimethylthioformamide (138). The deshieldinc effect

in thioureas compared to ureas has been attributed to low-
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Table XVII
Compound
4a
A
4b N,
AN
Ny
Yg
A
4d N,
AN
Ny
AN
N,
yf
A
4g Ny
AN
No

103

]SN Chemical Shifts and FKelated for

Alkylthioureas
Op .+ PPm®

2 M 2 M
DMSOP Fyridine
108.39 106.39
101.25 102.95
104.93 105.63
98.59 99.58
98.C3
99.23 99.93
94.93 93.33
100.3 99.83
95.03 $3.88
118.92 120.73
105.61 104.53

dcé'sl ppmc

176.7

'181.3

181.0

182.8

181.9

194.0

182.6

Ea, (kcal/mol)®
C-h, C-N,
13,7

14.7 13.3 1C.8
12.7
12.¢ 12.0

10.7

“Measured with respect to external CH3NO, , converted to

anhydrous ammenia scale via the

6,4H3== 5CH3N02+350.23 (ref 63).,

bpMSO =

dimethylsulfoxide

relationshiy

‘Thiourea carbonyl shift ref 137, except for 4e anc ug.

reproted with respect to tetramethylsilane.

dRef 14¢ and 150.

[ =, .
Trans isomere.

'Cis isomer.



104
lying sulfur excitea states (i?u). The shielding of
thioureas relative to thioamides is consistent with reduced
nitrogen lone-pair delocalization in thioureas, presumably
because of competitive cross conjugation of the two nitro-
gehs with the thiocarbonyl group. Further evidence for the
cross _conjugaticn in the thioureas can be obtained by com-
parison of activation energies for rotation around the C-N
bond with those cf thioamides. The barriers in thicureas &are
lower than in the corresponding thicamides. For example, the
barrier in thioforramide is 6 kcal/mol higher than in

thioureae.

As in ureas, N-methylation of thiourea shields the nitro-
gen. The direction of this chance persists in the seriec ﬁi
—»39 —e>&£. A plot of wurea nitrouen shifts against
thiourea nitrogen <chifts gives & good correlation (r=0.97)
indicating very similar methylation effects in both series.
The wupfield shift on N-methylation of thioureas can be
explained in a similar manner to that in ureas. With the
limited data availatle B-alkyl substitution seems to show
tne norral deshielcing effect as in alkylemines ancd 1in

Ureas.

Unlike the case in urgas,' the 13C chemical shifts of the
thiocarbonyl carbons in thioureas vary on alkyl substitu-
tion. A correlation between '°N chenical shifts of thicur-

eas and '3C shifts of their thiocarbonyl carbons was sought
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but none seems to exist. One would expect a correlation
between these two sets of data if nitrocen lone-pair delo-

calization atfects the two sets of data similarly.

Dynamic 'H ang '3C nmr spectroscopy have been very valua-
ble in the evaluaticn of rotational berriers in thiocamides
and thioureas. Literature values are available for several
thioformamices (175), thiocacetamides (167) , and thioureas
(149,150). 1n the thiocamides and related systems, barriers
about tne C-N bond are usually 2-5 kcal/mcl higher than in
the oxo analogygs. Focr example, the barrier for formamide is
17.8 kcal/mol ancd that feor thioformamide is >20.5 kcal/ncl.
The increased Sarricr is presumably due to cestabilization
of the trancition stete in which a full carbor-sulfur sulfur
double bond must exist. The other factor which influences
the barriers is the larcer size of the sulfur atom compared
to the oxygen. In the series thioformamide —> N-methylthio-
formamide _— N,N-dimethylthicformamide the barriers
increcase (22045 —> 23.1 —>24.1). This trend is the samc as
the one observed for N-methyltormamides. Ly contrest,
increasing the size of the alkyl substituent orn the thiocar-

bonyl carpon in thicamides decreases the barrier.,

The relationship between '5H  chemical shifts and anide

rotational barriers (sce above) has also been suggestec to
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appliy to thioamides and thioureas (13&,139). As shown above,
this approach was found not to be very satisfactory for
urcase. To further test the method we have estinmated the
activation energies for rotation around the C-N bond in
thioureas. Egquation 3, which had been derived for thioamides
was used to estinmate rotational barriers in thioureas. 7This
eguation has been reformulated to be consistent with the

ammonia reference used here.

Eq (kcal/mol) = -23.40 + 0.305 (3)

Direct substitution of 75N chemicel shitts from Table
XVII into equaticn 3 gives the calculated rotational barri-
ers listed in Table XV1II, which alsc lists the literature
values. Exahination of Tatle XVIII shows that there is very
little correspondence between the literature and estimated
values. It was recently suggested that ecguaticn 3 can ke
used with slight modification (150), ac cdiscussed above for
ureas. The rotational berriers estimated using Enet's moai-
fication are &ll negative. Therce 1is no appasrent structural
explanation for these results, which protably 1eflect the

inherent limitations of the method discussed ebove.

The 'C chemical shift of the thiocarbonyl carbon corre-
lates only to a fair decuree (r=0.92) with literature rota-

tional barriers. There 1is no correlation of the measured
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Table XVIII Calculated Ectivation barriers for Thioureacs

Compound Eqs (kcal/mol)
Estimated® Literature®
C-N, C-N, C-Ny C-Ny
ua 8.56 13.7
[aVia V)
ub 7.0 7.8 14.7 12.3° 10.8
AN
bc 6.0 12.7
[ WA
44 6.0 6.1 12.6 12.0
[aVia Vs
“e “.1 q-.’ 10.7
AN
uf 4.3 6.3
AN
4g 12.19 7.4 14.3 13.2° 11.2°
AN

151 chemical shifts

“Calculated from eguation 3 using
in DMS5O
PRef 149 and 150.

‘Trans isomer.

dCis isomer.
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15y chemical shifts with the literature rotational barriers.

In conclusion, the effect of substituents on thiouresa TSN
chemical shifts is similar to that in the oxo analogs.,. The
empirical equations derived for determination of rctational

barriers completely fails in the case of thioureas.
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CHAPTER &

Measurement and interrretation of nuclear spin-spin cou-
pling constants 1is important because of their correlation
with molecular structure and their potential 1in structure
éetermination. In the earlier days of nitrogen nrr, coupling
constants were determinecd when they were not eliminated by
the "IN guadrupolar relaxation. To increase the applicable
range of compounds, enrichment with >N hes been necessary.
Values from '°N measurements can be converted to '°N values
upon multiplication by Xg /N, =-1.402. Exceptions to the
need for V5N enrichment arise when the coupling is tc &
nucleus of high natural-abundance ('H, 3, 'YF) and the
coupled natural-abundance 5N spectrum can be cbserved. 'SN,
because of its small magnetic moment, exhibits small cou-
rling constants com;ared to 'H or '3c. Because Ysy 1s nega-
tive the sign of couplings with 5N are oppesite to that
with K.

13

The Fermi contact tern, which dominates k- h and C- H

couplingse also contributes to & larce extent to Jy-y and
1 ‘ : .
JN-c Vvalues, Other mechanisms such as orbital motions and

spin dipolar iriteractions can also contribute to nitrogen

couplings (&) .

Nitrogen-proton couplings have received greatest atten-

tion . UN_H values vary from 75 to 130 Hz depending on the
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nature of the nitrogen atom: compounds in which the nitrocen
is pyramidal have UN_H at the 1lower end of the range,
while compounds in which bonding vto nitrogen is linear cdis-
play bN_H values at the higher end. UN_H in anilines has
been found to vary with solvents and substituents (120,121).
bN_H in a&amides has also been cshown to depend on geometry'

(177) .

%N_H is smaller in magnitude than bN_H and 1is nore
sensitive to structural variations. The characteristic fea-
ture of %N_H is that in geometrically fixed nitrogens, the
coupling is 1large and negative to a proton close to the
lone~pair and small and positive to one which 1is not. The
zbove factor has been used to establish geometries in dif-

ferent types of nitrogen compounds (178&).

Threc-bond M-H couplings show a Karplus-type dependency
on dihedral angle (179). Vicinual N-H couplings are much lar-
ger than geminal ones. 1In geometrically rigic systems where
the nitrogen lone-pair orientation is fixed. %N_His related
to lene-pair orbital corientation in a fperallel manner to

2
JN-—H .

| .

Jn-c Vvalues are smaller than hN_H anc have Lbeen
related to s-character, although this has been criticized
2 L . .

(8) s Jn-c shows a similar dependence on lone-pair orienta-

X 2 - . .
tion as Jy—-H GOE€S. 3dn-c couplings do not vary much and
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their dependence on dihedral angle is not evicent (180).

Determination of couplings between nitrogen andé nuclei
other than proton and carpbon have been rather infrequent
(6,181) . There has been no systematic study of couplings to
nitrogen with fluorine (N-~F) and nitrogen (N-N), althouch a

15N—'9F couplings are in the 1literature.

few reports of
UN_F is usually large and varies from 100-500 Hz depencing
on the nature of the compound (182). A few %N_F (183) ana
%N_F (184) couplings have also been reported.

19
'SN- F cou-

We have carried out a systematic study of
plings in fluoropyridines and fluoroanilines in order to
delineatc¢ the effects of factors like hydrogen bonding, sub-
stituent effects, [protonation, and methylaticn on N-F cou-
plings. These systems were chosen because of the possicility

of drawing analogies to N-H couplinus in the corresponcing

pyridines and anilines.

RESULTS AND DISCUSSICN.

V5 chemical shifts and 'Su-1°F

coujling constants of
fluoropyridines are presented in Table X1X. Compared with
pyridine, substitution of & fluorine in the 2-position

shields the nitroyen by 41.7 ppme This 1is consistent with
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Table XIX '’N Chemical Shifts and '°N-'%F Ccupling

Constants in Fluoropyridines

Structure Number (N &) el "JN_:’HZ (n)

@ 1 317.3
N
@ 2 215.0
N
H
@F 3 275.9 | =52.5 (2)
N
F
Q ,u\ 299.4 3.6 (3)

2“502 "52.3 (2)

.,,©z

221.9° -23.1 (2)

z© .

n

219.9° (3)

-
e~
w
-
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“Resonances to lower fielé from position of anhydrous
ammonia.

Experimental error 20.2 ppm.

bExperimental uncertainty £0.2 Hz.

‘4s nydrochlorides in CHClj.
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the fact that conjugatively electron-donating substituents
shield nitrogen by an increase of electron density at the
site (8,21). Substitution of fluorine at the 3-position also
leads to shielding but the magnitude is small. Addition of a
second fluorine at the 6-position in compound 2 induces &
nearly additive effect. Protonation of pyridine also
results in shielding. Thisg is the result of the removal of
the lone-pair on nitrogen &and an increase of the AE tern in
the chemical shift eqguation ()« Similar shieldinc effects
are seen on protonation of fluoropyridines although the mag-
nitude of the change is smaller.

The %N_F values measured for 3 are the largest in this
series. Protonation ot 3 (é‘—>g) decreases this value. This
change is similar to that observed for %N_H in pyridine
(185) , wnere the coupling decreases from -10.& Hz tc -3.0 Hz
on protonation. The Jy_u value of protonated 3 is similar
to %c—r (21.0 Ez) in the isoclectronic fluorobenzene (123).
The sign of %N_p in 3 recently has been determined by
spin-spin analysis (16¢) . The fortuitous coincidence of
%N—F in € and 5c_p in 16 may arise from compensating fac-
tors: the smaller value expected for %N_F because of the
smaller magnetogyric ratio of nitrogen may be increased

because of the pbcsitive charge at nitrogen.

Ho.2 Ho.7
| ~Hos A H-40 3267
| 1l
" “H-10.5 ﬁ/ H-s0 .ZBC\C/ F
8 H 21
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No further parallelisms exist among a, EJ 2 and 32 except
for the values of 2J. The change 1in 5N-p on protonation of
3 1is not proportional to that in %Nqi when 8 is protonated
to 9. This suggests that different mechanisms may operate
for the twc kinds of couplings. The larger magnitude of
EN_F compared with ﬁn—n in 8 may arise via an aaditional
lone-pair mediated pathway for N-F coupling available to 3
(6) « Similar effects of lone-pair orientation are observed
in 1,2-difluorodiazines where 2JN_F is 1larger for the trans

than the cis isomer (167).

F ' F F
ok \
2J=73H1\F 2_'=.37 .Hz

These results for %N—H are consistent with the lone-rair
dependence of 3¢ and couplings with 151 discussed above.
Thus, it is surprising that 3In-f in &-fluoroguinoline (2.9
Hz) (168) is indeed smaller than that for 4 (3.6 Hz). This
result may indicate that lone-pair orientation may have lit-
tle effect on Un—F , OI that 4, by virtue of the trans ceo-
metry between N and I, has a larger through-bonada contribu-

tion than does 8-flucroquinoline.

The value of Jn-f in 4 is smaller than 5N_F. P similar
decrease in the magnitude of coupling with distance is also
seen in compounds 9 and 10. 4-Fluoropyridine is very unsta-

ble and determination of spectral parameters was not possi-



116

ble. ﬁN_F has been shown to be very small or not present in
3,5-dichloro-2,4 ,6-tritfluoropyridine (189). This indicates
that the magnitude of 'UN_F does decreese with distance,

which parallels the results for 'Jy_; in pyricdine.

Fluorcvanilines

ISN chemical shifts and N-F coupling constants of fluo-
roanilines and derivatives are presented in Table ¥X. Sub-
stitution of a fluorine at carbon 2 or 4 in aniline shields
the nitrogen. Similar shielding etfects have been observed
for other conjugatively interacting sutstituents
(47-49,190) « The shielding by two fluorines in 15 is neerly
aagditive. Substition ot fluorine in the meta position
results in & small shielaing (0.6 ppm). Proctoration of fluo-
roanilines consistently leads to shielding. This behavior
is similar to that seen on protonation of aniline. Conver-
sion of the primary fluoroanilines (12-15) tc their corres-
ponding dimethylamino compounds (22-25) results in & consis-
tent shielding of &-13 ppm except in compound 25. Shielcding
of the sume type is exhibited by anilines anc toluicinecg and
can be attributed tc a reduction of lone-pair delocalization
by the methyl groups (191). Conversion cf the sp3 nitrogen
tc an sp2 nitrogen as in compounds gg and g} results in a
large deshielding of nearly 40 ppm. This change r%sults from
the prescnce of an additional group ( —ﬁ— or —%- ) intc

o
which thc lone-pair can be delocalized. The effects of fluo-
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15

Table X.X >N Chemical Shifts and N-T9F Couplinc Constants

in Fluoroanilines

o
Compound Number 6N,ppm° "In-pe HZ (R)
NH,
11 S6e.5
"\

12 2-F 42.3 0 (3)
NH, ig
13 3-F 55.9 0 (4)
F 13 4-F 53.9 1.5 (5)
A% 2,4-F 36.9 ' 1.5 (5)
16 2-CHy, 4-F 50.4 1.5 (5)
®
NH,
. N
)
NH, 18 2-F 3847 1.3 (3)
19 3-F° 45,5 0.2 (u)
AN
AV

NMGZ



NMe,

@

NHCOCH,

O

NHCOCH,

F

o

NHSO,®

O~

NHSO,?

@

23

24

26

28

28

30

31

33

34

35

2-F
3-F

2,4 Fy

33.7
U6.6

40.5

138.1

120.3
134.3
131.89

118.1¢

132.09

109.7¢
122.89
117.1

10b.3

118

0.0 (3)
0.0 (4)

0.5 (5)

1.0 (3)
0.9 (4)
0.5 (5)

0.2 (5)

1.9 (3)
0.5 (U)
0.6 (5)

1.3,1.8

a . N :
Resonances to lower field from anhydrous ammcnia.

bExperimental uncertainty < 0.2 He

‘4s trifluoroacetates in CHC1l;.

das solutions in DMSO.

(3.5)
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rine on the chemical shifts in compounds %E and 3} are very

similar to the ones in the anilines and is very highly aadi-

tive.

The most striking thing about N-F couplings in fluorocani-
lines and its derivatives is tnat the magnitude of the cou-
plings do not exceed 2 Hz. The nature of the nitrocen atom
also has very 1little effect on the <coupling. Furthermore,
compounds %2—19 display only a five-bond coupling; no mea-
surable three- or four-btond coupling exists. Couplings of
0.1 Hz would have been discernible since the digital resolu-
tion during these experiments was 0.06 Hz. The possibility
of 1intramolecular hydrogen-bonding in 12 as a factor in
reducing %N_F can be excluded because the same results are
cbtained in the N,N-dimethyl derivatives 32-%;, where there
i1s no possibility of hydrogen-bonding. Microwave studies
have shown that there is very little or no hydrogen-bonding
in 12 (192) . However, that the lone-pair does play some role
in three-bond couplings is seen by the observed value of 1.3
Hz for %N—F in o-fluoroanilinium ion 18. The role of hydro-
gen bonding in N-F couplings is ambiguous. In o-fluoroben-
zamidé 36 . 4JN_F depends on solvent (36). 4JN_F is larger

(-7.0 Hz) in CDCl; than in (CDs), SO (-3.2 Hz).

Ox N
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This shows that thJGepends on a conformation that is
maintained by means ©of an intramolecular li-F hyarogen-bona,
since the meagnitude is smaller in (Clj), SO (less intramole-
cular hydrogen bonding) than in CDClz (more intramolecular
hydrogen bonding). In anilinium ions 1£-20, the N-F cou-
plings decrease with distance. This pattern cun be compared
to F~F and C-F courlings in the correspondinc difluoroben-
zenes and isoelectronic fluorotoluenes respectively. In the
difluorovenzenes the F-F couplings decrease in the order
pee = 20.1 Hz, “p_p = 6.6 Hz,  Jp_p = 12.5 Hz (123). The
larger couplings in these compounds cén be accounted for by

. . . 1
the larger magnetogyric ratio for v

F. The apparent distance
dependence ot %pJ in cifluorobenzenes i< oppcesite to that
of ¢ in 18-20 and in 12-14. One reason for the srell
values of %p+ comjared with 5;-; may be lack of conju-
gative interactions between the two fluorinces in the m-di-
fluorobenzene. 1n the fluorotoluenes 'UC—F decreases with
distancic Je—p = 3.& Hz, ‘Jeep =1.8 Hz, e =0.0 Hz (193).
This behavior indeed parellels that tor 18-20. The N-F cou-
plinys 1in acetanilides 32-%9 and benzenesulfonamides 32-35,
show & slight increase relative to the corresponcing ani-
lines. Compouncs %z—gg show the sanme trend in coupling as
fluorcanilinium ions, i.€¢., the couplings cecrease with uis-
tance. The same trend does not arise in compounds 32—3;. The
slight increase in couplinas in these compounds
(%2‘39'%2i§§) may be related to an increase in s character

at the nitrogen.
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In conclusicen, the N-F couplinge in fluoropyridines par-
allel the trends in the N-H couplings of pyridines anc¢ the
C-F couplings in fluorobenzene but the N-F couplings are
slightly larger in magnitude. The magnitudes of N-F cou-
plings in fluoroanilines are very small and further experi-
mentation 1is needec¢ to establish the role ot solvent ana

self association on these couplings.
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EXPERIMENTAL SECTION

This section describes the way the chemical shifts and
coupling constants were determined and then describes any of

the syntheses involved.

Chapter

[ %)

Natural-abundance ]3C and 15

N spectra were deterrinec at
25.03 ang 10.09 MHz, respectively, by the pulsed Fcurier
transforrmn method on a JLOL PS/PFT-100 NME spectrometer
equipped with the JEOL EC-100 data system. For '3C spectra,
& sweep width of 5.0 kHz over BK data points was used, and
1000-200C transients were collected fcor proten-noise decou-
pled spectra. Pulse widths correspondinc to tip anqgles of
20-25o ant & repetition rate of 2.0 cec werc employed. The
compounds were run. using 10-15% deuteriobenzene as internal

lock in solution with 2% tetramethylsilanc. The chemical

shifts were referenced to tetramethylsilane.

Intiailly, 15N speclra ¢f the free buses were cetermirea
using 10-15% dJeuteriobenzene as interngl lock in solution,
anud werce referenced to an external capliery of 2.9 M
enrichec ammonium chloriae in 1 M HCl. 1t was noted that the
resonance positions were solvent sensitive and to overcome
tnis all compounds were run as pure liquids. Subsequently,

samples were run wusing a concentric capillary of ca.20%
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enriched nitromethane in deuteriobenzene, which provided the
field frequency lock. Under these ccnditions the resonance
position of nitromethane lies at 3&80.23 ppm to lower field
from that of anhydrous liguid ammonia. The experimental nmea-
surement uncertainty is estimated to be x0(G.2 ppn or better.
For '°N spectra of the primary amines, a sweep width of 5.0
kHz over 8K data points was used, and 1000-2000 transients
were collectea for proton noise decouplea spectra.bulse
widths corresponding to tip angles of 20—29) ané a repeti-
tion rate of 2.0 sec were employed. ter tertiary amines, a
pulse width corresponéing to tip angles of 15-2¢% and a
repetition rate of 5 sec were employed &nd spectras were
accumulated overnight to get &adequate signal intensities.
Chromium tris (acetylacetonute) (ca. 10-20 my) was addea to
compounds with tertiary nitrogenc to shorten T, values.

All compounds except 3§:2 were available commercially.
Compounds 3312 were prepared by methylation of the primary
amine using trimethylphosphate (194). The compounds were
characterized by ]H nmr, infrared spectra, anc beciling peint

comfarison with literature values (195) .

In é typical synthesis 0.1 mol of the primaly emine was
heated with 0.104 mol of trimethylphosphate unader nitrcgen
at 160-180 for 3 h. Then the phosphate ester was hydrolysed
using 10X NAOH. The resulting solution was extracted with

ether. The dimethylanilines were purified by distillaticn.



124

The chemical shifts were determined as described atbove.
Spectra for compcunds %3, 4i, Q} were determined at Florida
State University. .

Compounds lf-lf' 35'59’ ag-zg, 3}—35, %E' ég, %2 are all
commercially available. The remaining compounds were pre-
pared according to literature procedures and characterized

by comparison with 1literature melting points and boiling

points and W nmr.
Syntheses of 2e¢ and éﬁb

Compounds Z2e and %p were prepared by methylstion of the
corresponding primary amines using trimethylphosrhate as

described in Chapter 2 (196).

nthesis of 3k

Cumpound ZP was prepared by methylation of
3,5-dimethyl-U4-nitroaniline (57) using trimethylphosphate,
&< described above. The resulting
3,S—dimethyl-u—nitro-N,N~éimethylaniline was catalytically
hyrogenated over P4/C using a Parr hydrouenator to get ig

(197) .



125

Synthesis of 3¢

A mixture of 3,5—dimethyl—u-nitroaniliﬂc (4.2 q) (57)
concentrated hydrochloric acid (6.0 ml), and water (6.0 ml)
was diazotised with sodium nitrite (2.6 aq) in water (7.5
ml). Aftcr ciazotization, the mixture was filtered. The dia-
zonium chloride solution was then adoed slowly to & hot 25%
sulfuric acid (50 ml). The mixture was refluxed for 2 hours
and then steam distillec. 3,5-dimethyl-U-nitrorhenol was
isclated from the distillate by ether extractione. The com-
round was recrystallized using 95% ethancl. The avove com-
round was refluxed with excess methyl iocide in anhydrous
methanol anag anhydrous potassium carbonate for 2 days. The
mixture was then concentrated and poured intc weter and
extracted with ether. The ether was rémoved to gqet
3,5-éimethyl-d-nitrcanisole. This was then catalyticelly
hydrogenated overnight in absolute ethanol with Pd/C using a
Parr hydrogenater. The catalyst was filtered andéd ethanol
removed. Compound 3¢ was purified py distillation at reduced
pressure (196) .

synthesis of 3¢

Compound %g was preparec from 3,5-dimethyl-U-nitroaniline

according to Dewar's procedure (57).

Synthesis of 3£
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0.1 mol of 3,5-dimethyl-Ud4-nitroaniline was diazotizec as
described for 3c and the diazonium chloride was filtered
into a soluticn of cuprous <chloride (20 g) in concentratea
hydrochloric acid (100 ml) &at 60 . 7T1ne solution was stired
for 2 hours and then steam distilled. The stesn distillate
was extracted with ether and tne ether extract was dried
over anhydrous sodium sulfate and filtercd. The ether was
removed and the 1r1esulting 4-chloro-2,6-dimethylnitrobenzene
was recrystallized using 95% ethanol. Then it was catalyti-
Cally hydrogenated as described tor 3ce. The resulting amino
compound after work up was distilled under recuced pressure

(199) .

Synthesig

10
Lol

wd

A mixture of 4-promo-2,6-dimethylaniline (4 ¢g) and cup-
rous cyanide (2 g) in 1€C0 ml of dry DMF was refluxed for 4
hours. The reaction mixture was then poured into 400 ml of 1
M ferric chloride sclution. The solution was extracted using
benzene. The benzene extract was dried aendéd the benzene
Irenmoved. Compound 33 was recrystallizec usine berzene-hexane

(200) .

synthesis of 32

Compound 3] was prepared according to wepster's procedure
arn

(53)
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Synthesis of 3k

Compound §§ was prepered by catalytic hydrogenation of

4-nitro-2,6-dimethylaniline (197).

Synthesis of 3

Compound %m was rprepared by catalytic reduction of

3,5-dimethyl-4-nitrobenzocic acid (58).

Syntheses of Ua. Uh., 44, 4&- 48 44, 44 4o

The above compounds were preparcdé by methylation of the
corresponaing primary &anilines using trimethylphosphate

(57,58,195,197,201-2Cu4) .,

Compound 35 was prepared by catalytic reduction of 43

over Pd/C as described above (197).

Chapter

| =

The niur chemical shifts were determinec as describec in

Chapter 2. k1l the compounds were commercially available.

Chapter

{8,
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The nirr chemical shifts were determinecd as described in
Chapter 2. The spectra for unsymmetrical ureas and thiour-
eas were ascigned on the basis of geted decoupling experi-
ments. All the compounds were commercially available.
Chapter 6
The nmr chemical shifts were determined es described in
Chapter 2. Coupling constants were determined usinc a sweep
width of 500 Hz over 16K data points, giving & digital reso-
lution ot 0.06 Hz, and experimental valugs are asspmed pre-
cise to 0.2 Hz. Lliguids were determined as neat conmpouncs,
and solics as sclutions in DMSO (exact concentrations not
determined). The anilinium salts were determinec as sclu-
tions in CDCl3 using a two-eguivalent excecss of CFz COOH

relative to the amince.

Compouncs 1, . U, 5,
VN, WY WA

, 11-16, 21, 26, wee commer-

cially available.

Compounds 22—%; were prepared by methylation of their
N

repspective primary anilines using trimethylphosphate, as

described in Chapter 2 (205).
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Compounds 32-%2 were prepared by acylation of their res-
pective primary anilines using acetyl chloride (205). 1n a
typical synthesis 0.1 mol of the primery amine is dissolved
in 25 ml of dry pyridiﬁe and dry benzene and 0.1 m of acetyl
chloride is addeé dropwise. After stirring for 1/2 h,. the
mixture is warmed to €60 on é water bath. The mixture is
then poured into water, extractea with benzene and the ten-
zene layer washed with sodium bicarbonate. The resulting
benzene solution is evaporated, and the product is recrys-

tallized using a benzene-petroleum ether mixture (zC5S).

synthesis of 32-35.

Compounds %%—%2 were prepared by treatment of their res-
pective primary anilines with benzenesulfonyl chloride
(206) « Similar procedures as above were used. 1lhe prcducts

were recrystallized usinc benzene-petrcleum ether.
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