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2, 4-Disubstituted pentane is often used as a
model compound for vinyl-type polymers in
investigating their physical and chemical pro-
perties. In the field of NMR, the analysis of
the spectra of model compounds is of value
in obtaining information concerning polymers.
As disubstituted pentane has a much lower
molecular weight than a polymer, the molec-
ular motions are sufficient to give well-resolv-
ed spectra which permit unambiguous analysis.
2, 4-Disubstituted pentane has ten protons in-
teracting with each other and belongs to the
ABKLX;Y; system. Analysis of the NMR
spectra of this compound is simple in theory.
However, the large number of included protons
complicates the treatment. General formulas
for NMR analysis are given for spin systems
of three or less. For spin systems of four
or more, the analysis is possible only in special
cases or by numerical calculation. For the
present analysis, the calculation was made by
reducing the entire system to two six-spin
systems and one four-spin system. The six-
spin systems of the ABB'CC'D type!® and the
AnBX, type® were previously analysed, but
the calculation of AKLX; type given below
has not been previously reported.

The Analysis of ABKLX:Y:

2, 4-Disubstituted pentane has the following
structure ;

Ha Hk Hg

| |
Hxsc—C-—C—-?—CHN

|

X Hy X

Suffixes have been assigned to protons. Though
these ten protons interact with each other, the
spin-spin coupling constants between methylene
protons and methyl protons are likely to be
negligibly small compared with the others and
with the chemical shifts (as is the usual case),
and it is not always necessary to consider all
the protons in the calculation at the same
time. This makes it possible to reduce the

1) S. Fujiwara and H. Shimizu, J. Chem. Phys., 32, 1636
(1962).
2) P. L. Corio, J. Mol. Spectr., 8, 193 (1962).

system to several simple subgroups. The specra
of methyl protons are quite simple because
they interact with only one methine proton,
either Hx or Hg, and are of the AX; or BX;
type. Methylene protons interact with two
methine protons. Since they are not necessarily
they are analyzed as the KL part in the ABKL
system. Methine protons give the most com-
plicated spectra to be analyzed since they are
coupled with two methylene protons and three
methyl protons. Therefore, this system is ex-
pressed as AKLX; or BKLYs; the transitions
concerned merely with A or B are taken into
account. The calculation procedure was the
usual one; the results are shown in Tables I
to IV. The present calculation is confined to
the case where the spin-spin coupling cons-
tants between methine and methylene protons
are small compared with the corresponding
chemical shift. Therefore, the large off diago-
nal terms are Hs,s, Hs,o, Hiz,13, His,ir, Hzo,ez
HZ{,ES, HZS,?.Q, st.sz, HSS,SGy HB?,SS, H-(l.-ﬂa HHAS)
His, 40, Hs,, 52, Hss,s6 and Hsos0. The diago-
nalization of the energy matrix is effected
by solving sixteen 2X2 determinants. The
absence of a spin-spin coupling between meth-
yl and methylene protons simplifies the spec-
trum, since it makes the parameters R, R.,
Sa, and S. all equal, and Ry, R, Su, Sa all
equal.

Discussion

The spectrum of the KL part has an asym-
metric form; the effect of the sings of the
coupling constants and chemical shifts will
now be discussed in relation to this spectrum.
The change in sign of the geminal coupling
constants between two methylene protons leads
to the same spectrum because the resonance
frequency and the intensity of the lines reverse
themselves at the same time, so that the resul-
tant spectrum remains identical. If the sign
of the vicinal coupling constant between meth-
ine and methylene protons is reversed, the
parameters C and the resonance position in-
terchange between 1 and 4, and between 2
and 3, and no change in the resultant spec-
trum occurs, although the line assignment be-
comes different. These considerations enable
one to conclude that the spectrum of the KL
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TABLE I. BASIC PRODUCT FUNCTIONS AND DIAGONAL MATRIX ELEMENTS FOR AKLX,

Pn

aacaaa
Baaaaa

afacaa

aafaaa
aaa(faa+afataaf)/V'3
aaa(faa+afa—2aaf)/V 6
aaa(faa—afa) V' 2
Bpaaaa

Pafaaa

affaaa
Baa(Baa+aff+aaB)/V'3
apa(faa+aff+aal)/V'3
aaf(faa+aff+aaB) V'3
aca(fBa+paf+aBp)/V'3
paa(faa+afa—2aaB)/V'6
afa(faat+afa—-2aaB)/V'6
aaf(faatafa—2aaB)/V 6
aaa(ffa+faf—2aBB)/V 6
Baa(faa—afa) /v 2
afa(faa—afa)/Vv' 2
aaf(faa—afa)/V' 2
aca(fpa—faf)/V'2
pipaaa
pha(faa+afat+aaB)/Vv'3
faf(faatafa+taaB)/Vv'3
aff(paat+apataaB)/Vv 3
paa(ffa+faf+afp)/Vv'3
afa(ffa+paf+aff)/v'3
aaf(ffa+paf+aBpf)/Vv'3
aaafff
fla(faa+afa—2aaf)/V6
paf(faa+tafa—2aaf)/VvV 6
aff(faat+afa—2aaf)/V'6
Baa(pfa+faf—2aB8)/V 6
afa(fpa+paf—2aBp)/V 6
aaf(ffatpaf—2a8p)/V 6
fla(faa—afa)/V 2
pap(paa—afa)/Vv 2
aff(faa—afa)/Vv 2
Baa(Bpa—pap)/V 2
afa(BBa—paB) /v 2
aaf(ppa—pap)/v 2

BB (Baa+afataaB) /13
bBa(ffa+paf+aBf)/Vv'3
pa(fpat+paptaff)/Vv'3
aff(ffa+faf+afp)/Vv'3
BaaBBp

afaBfp

aafS55B
BBB(Paa+aBa—2aaB)/V 6
BBa(pBa+fap—2a8B)/V 6
Bap(Bpa+faf—2a8B)/V 6
aff(Pha+pap—2aBB)/V 6

F,

|
—-O<:>QO<::r:oooc:uoOOOOOQQOO-—-H—-H—-»—-—H—-'—-H—-—A-H—n-—NMNNNNu

| T T A A A

Sym-
metry

ay
ag
ag
az
az
€2
]
a1
a
ag
a
a1
a
a
€1
€1
€1
€
€1
€
€
€1
ap
ag
an
dg
ap
dg
ap
an
€
€o
€
€o
€o
€o
€o
€o
€o
€o
€p
€
a—y
a-y
a-,
a—y
a-y
a—y
a-y
€y
€1
€-1
€-1

+||i++1+1:t++|+i|++|+||+++|+||1+++|+++|+++:+||+++++|+Nﬁ

I+II+1+I+II+I+I+I+I+I+I++r+|+li++|+++l+++l+]+I++++I++NM

I|+[|++II+||++Il+[++[|++|++1I+I+[+++|+++I++l1++++l+++mw

+ o
W W W

L+ 4+ L+ ++ 0 +++++++++
W W

I+ + + +
L]

okt
e

|

1

Jak Jar Jax Jxkr Jxkx Jix

Hnn
4 4
+ o+
-+
-+ -
+ 4+
+
+ 4
+ -
-+
- 4+
+ -
+ o+
-+
+ —
+ o+
-+
+ —
+ o+
+ o+
+ —
-+
+
+
+
-+
+ —
+ -
-+
- -+
+ —_
-
+ —
-+
-+ —
+ o+
+ —
-+

I+ 1 + 1

L+ +

I+ + 1

I+ + 1

|
w

e+ 4+ 0

I+ 4+ 1

[ T S S

+ o+

+3
-3

I+ + |

Lt L+ 4

IF++ 11 +4+11++1

L+ + 1

,.I_

(I |

|

[ e o

|

+

|

L+ + 1

"+

Ir+1+10+1+1+1+

|
(]

+

I+ 1

+

-3
+3
-3

+ 1+

+3
+3
+3
-3
+

+

.+.

+3
-3
-3

-+
+

P+ + 10 +4+ 11

|
w

+



July, 1964]
n ¢n FS
54 gpp(Paa—afa)/Vv 2 —1
55 pBa(Bpa—paB)/v'2 -1
56 fag(ffa—Bap)/V'2 —1
5T aBB(Bpa—Baf)/v 2 -1
58 BRA(BPa+BaB+aBP)/V'E -2
59 Bpappp -2
60 pafppp -2
61 aBpppp -2
62 SBB(BPa+pap—2aBB)/VE -2
63 BBB(BRa—paf)/vV'2 -2
64 BBBBRB -3

TasLE II.
Transition
1-2

5—11, 615, 7—19
14—-27, 18—34, 22—40
30—47
10—-23
26—43, 33—50, 39—54
46—58, 53—62, 57—63
61—64
3-8
12'—-24', 16'—31', 20'—37'
28'—44', 35'—51', 41'—55'
48'—59'
4'—8!
12'—24', 17'-31', 21'=37"
29'—44', 36'—51", 42'—55'
49'— 59!
3'—9
12'—25', 16'—32', 20'—38'
28'—45', 35'—52', 41'—56'
48'—60'
4'—9'
13'-25', 17'-32', 21'-38'
29'—45', 36'—52', 42'—56'
49' — 60’

where

TasLE I (contnd.)
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meiry YA YK vk Jax Ju Jax T Jex Dix

2 2 2 2 4 4 4 4 a4 &
ey — - — + + + - + - -
€y - — + = + - 4+ - 4 =
ey - + = - - + 4+ - - &
€+ + - - - - - - + 4+ +
az — - - - 4+ 4+ + + + +
ass — — + -3 4+ — 43 — 3 -3
as — + — =3 — 4+ -3 — -3 43
a, + — — -3 — - -3 + 43 43
e — - - - + + o+ o+ o+ o+
€2 — — - - + + + + o+ +
e, — — — =3 + 4+ 43 4+ 43 +3

TRANSITIONS OF A PART IN AKLX;

Frequency
va+1/2(Jag+JaL+3Jax)
va+1/2(Jag+JaL+Jax)
va+1/2(Jax+JaL—Jax)
va+1/2(Jak+JaL—3Jax)
va+1/2(=Jaxk—JarL+3Jax)
va+1/2(=Jagk—JarL+Jax)
va+1/2(=Jag—JaL—Jax)

Relative intensity

va+1/2(—=Jax—JarL—3Jax)

va+3/2Jax+Ra— Ry
va+1/2Jax+8Sa—Sp
va—1/2Ja%+S.—Sa
va—3/2Jax+Re—Ra
PA+3/ZJAX—R3—RIJ
va+1/2Jax— 8.~ 5b
va—1/2Jax—8c—Sa
va—3/2Jax—Re.—Rqa
va+3/2Jax+ Ra+ Ry
va+1/2Jax+Sa+Sp
va—1/2Jax+S:.+Sa
va—3/2Jax+R:+ Ry
va+3/2Jax—Ra+Ryp
vaA+ I/ZJAx—Sa-}‘Sb
va—1/2/ax—8c+8a
va—3/2Jax—Re+Ry

Ry=1/2[(vr.—vx— 1/2Jak+1/2JaL—3/ 2 g x +3/2JLx) 2+ T3 L]?
Ry=1/2[(vL—vx+1/2Jax—1/2JaL—3/2Jgx +3/2JLx) 2+ J2g ] /2
Re=1/2[(vL—vk—1/2Jax+1/2JaL+3/2Jxx—3/2JLx) 2+ J2kL] /2
Ra=1/2[(vL—vg+1/2Jax—1/2JaL+3/2Jkx—3/2JLx) 2+ J2k1.] V2
Sa=1/2[(vp—vx—1/2Jag+1/2JaL—1/2Jxx+ 1 /2JLx) 2+ Sk L] /2
Sb=1/2[(PL"UK+ ]/2‘]‘\1{— ]/2.)(51_—1/2.]1{);-':-1/2‘][_,1()24'.,5[{1.]”2
Se=1/2[(vL—vg—1/2Jax+1/2TaL+1/2Jxx— 1/2JLk) 2+ T2k L]V
Sa=1/2[(vp—vr+1/2Jax—1/2JaL+1/2Jxx—1/2J1k) 2+ 2112

el T P

cos?(6R.—ORyp)
3cos?(0Sa—0Sw)
3cos?(fSe—0Sq)
cost(@R.—0Rq)
sin?(#R,—@Ryp)
3s5in%(0Ss— 0Sy)
3sin2(08.—0Sq)
sin?(0R.—0Rq)
sin2(#Rs—6Rp)
3sin%(6Sa—0Sb)
3sin2(#S.—8S5q)
sin?(0Re.—0Rq)
cos?(0Ra—ORq)
3cos(#Sa—0Sh)
3cos?(0S.—0S5q)
cos?(fR.—0Rq4)

R, =1/2sin"'Jap/2R,
ORy,=1/2sin-*JaB/2Rp
OR.=1/2sin"Jap/2R,
ORy=1/2sin"1Jap/2Ra
08, =1/2sin"'J45/28a
0Sp=1/2sin"1Jag/28
0S.=1/2sin" 1 45/25,
3Sd = I/ZSin— lfﬁgfzsd
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TaBLE III. BASIC PRODUCT FUNCTIONS FOR ABKL sYSTEM
¢” H)Iﬂ
No. ¢oL A B F w» »m va v Ja Jax Jex Jar Jer Jas
2 2 2 2 4 4 4 4 4 4
1 a a a a 2 + + + + + + + + + +
2 f a a a 1 - + + + - - = + + +
3 a B a a 1 + - + + - + + - - +
4 a a B a@ 1 + + - + + - + - + -
5 a a a B 1 + + + - + + - 4+ ~ -
6 B B @ a 0 — - + + + - - -~ - -+
7 a B a 0o - + - + R e S
8 a B B a 0 -+ - - + - - + + - -
9 B a a B 0 - + + - - - + ES - -
10 a B a B 0 + — + - - + — - + —
1 a a« g B o + + - - + - - - - o+
2 38 B B a -1 - - - 4+ + o+ - 4+ = =
3 g B « p -1 - - + = + -+ =+ -
14 8 a B B -1 - o+ = = - 4+ 4+~ =+
15 a« B B B -1 o+ - = = e T
16 8 B B B S S — + o+ o+ o+ o+ o+
TABLE IV. FREQUENCIES AND INTENSITIES OF KL SPECTRUM FOR ABKL sySTEM
Frequency relative to (vg-+wv)/2
Transition Jak Jar Jex JeL JxL Relative intensity
4 4 4 4 2

1-2 + -+ + + + -Cy 1+sin26,

1 -3 + + + + <+ +Cy 1—sin26,

2'— 6 + -+ + —+ - +C, 1+sin26,

3I—6 + + -+ + — —-Cy 1—sin26,

4— 7 - - -+ + + —C; 1+sin28.

4 — 8 — - + + + +C2 1—sin28,

7' —12 - - + + - +Cs 1+sin26.

§'—12 - - + + - —C: 1 —sin26,

5—-9 - - - - + —Cs 1+sin26,

5—10' + + - - - +Cs 1—sin28,

9'—12 - - + + - +Cs 1+5in26;

10'—12 — - -+ + - —C; 1—sin28,

11 —14' - — — - = —C, 1+sin28,

11 —15' - - -- - + +C, 1—sin24,

14'—16 o - - - - +Cy 1+sin26,

15'—16 -- - — — - —C, 1-+=sin24,

Ci=1/2[(vix —1/2Jax—1/2Jpx +1/2JaL+1/2JpL) 2+ T3] /2
Ce=1/2[(vLx+1/2Jax—1/2Jer —1/2JaL+1/2Jp1L) 2+ k1] /2
Cy=1/2[(vLg—1/2Jax+1/2/px +1/2JaL—1/2JpL) 2+ T2k L]1/2
Ci=1/2[ (v +1/2Jax+1/2Jpx —1/2JaL—1/2JpL) 2+ T2k L]V/?

part does not contribute to the determination
of the sign of the coupling constants through
an approximation of this kind.

The sign of the chemical shift between K
and L in a methylene group is determined
when the relative magnitude of two vicinal
coupling constants between methine and meth-
ylene protons are determined ; i. e., the relative
magnitude of the coupling constants decides
the sign of the chemical shift. The change

0,=1/2sin~1JxL/2C,
52= I/ZSiII' ng;,/ZCg
f3=1/2sin"4JgL/2C,
04 = 1/25in—1J’KL/2C4

of the sign of the chemical shift results in an
interchange of parameters between C; and C;
and between C. and (s but the relative
resonance positions are not altered, therefore
the asymmetric spectrum is reversed against
the field direction.

Another point of interest is that the present
approximation makes the calculation fairly sim-
ple, though the application is limited to cases
where the coupling constants between methine
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and methylene protons are not very large com-
pared with chemical shift. The perturbation
method can be used in cases where the coup-
ling constants are not very small but are still
considerably smaller than the chemical shift.
If the coupling constants are larger, a secular
equation which includes determinants higher
than 2X2 must be solved.

The present treatment may be applied to
pentanes substituted by electronegative atoms
or groups, such as halogens and OH, but it is
not suitable for those groups which do not

Racemi Meso

(a) (a')

|IH

(b) (¥)

(e) 20 e.p.s. (<

Fig. 1. NMR Spectra of 2,4-dichloropentane.

(a) and (a') : methylene spectra observed at
60 Mc.®

(b) and(b') : calculated methylene spectra

(¢) and (c¢') : calculated methine spectra.

affect the electron density or the magnetic
state surrounding methine hydrogen.

Example

The NMR spectra of 2,4-dichloropentane
were analysed wusing the spin-decoupling
technique®. This compound has two isomers
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(racemic and meso) and shows two corre-
sponding spectra. The spectra of methylene
protons and the results of analysis are shown
in Fig. 1 and Table V respectively, where
chemical shifts between methylene protons are
estimated from the decoupled pattern with the
assumption that the spin coupling constants
between methylene protons are the same for
both isomers.

The calculated spectra with the values in
Table V are compared with the observed ones
in Fig. 1.

TABLE V. CHEMICAL SHIFTS AND COUPLING
CONSTANTS OF 2, 4,-DICHLOROPENTANE

Coupling constant

Chemiea

YLK ©P-S: CH, CH CH, CH,-CH
Racemi 0 6.7 14.5 ;?
Meso 15.6 6.7 14.5 7.0

The agreement of the methylene spectra is
quite satisfactory. L=K for racemic com-
pound and K#L for meso one. The cal-
culated spectrum of the methine proton in
the racemic compound is more complicated
than the simple sextet which appears for the
meso compound. This is also in good agree-
ment with the experimental results reported.’?
Another example of K#L will be given in a
succeeding paper.®

Added in Proof: Calculated spectrum of Fig.
1b was constructed from the values in Table V.
Same spectrum can be obtained by using another
set of parameters, vrk=0, Jag=JprL=10.8 and
Jar=Jsk=2.2. In the latter case, Fig. lc, should
be replaced with a figure of different shape, that
is also a complex sextet. The set seems to be a
more plausible one.

Department of Chemistry
Faculty of Science
The University of Tokyo
Hongo, Tokyo

3) S. Sato, R. Chujo and E. Nagai, Proceedings of 3rd
Simposium on NMR, Osaka, (1963) p. 51.

4) Y. Fujiwara and S. Fujiwara, This Bulletin., 37, 8450
(1964).




