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Activation parameters for the interconversion of conformers IA and IB of
neopentylbenzylnitrosamine and of rotamers ITA and IIB of N,2,4,6-tetra-
methyl-N-benzylbenzamide were determined by two techniques: Equilibration
of pure IB (or IIA, respectively) and subsequent measurement of *H-NMR
line shapes with the same sample. E,- and k,-values obtained by the two
methods agree well within error limits, thus confirming the accuracy of rate
determinations using NMR line shapes. Chemical shifts A», line widths bg ,
and equilibrium constants K were extrapolated to those temperatures at which
they could not be measured directly. Line shape parameters were used for the
evaluation of spectra. This method is shown to be preferable to the complete
line shape analysis if the line broadening by field inhomogeneities is not taken
into account by a convolution.

INTRODUCTION

Kinetic results obtained by high-resolution NMR line shape analysis are sub-
jeet to serious systematic errors (I—3). This method can be tested by comparing
activation parameters measured by line shapes with those from spin-echo (4),
double-resonance (6, 6) or equilibration, i.e. the direct observation of a time-
dependent property of the system under study (7, 8). Such properties used in
chemical kinetics include optical rotation and the intensity of UV, visible, IR,
and NMR absorptions. This paper deals with the comparison of results obtained
by line shapes and equilibrations. Only a limited number of compounds will per-
mit the application of both methods to the same process, because rate constants
of fixed magnitudes (approximately 1 to 10* sec ' for line shape analyses and
less than 107° see™” for equilibrations) must occur under conditions suitable for
measurement. A second restriction for the investigation of intramolecular

1 Part VI of the series ‘‘Protonenresonanz-Untersuchungen zur inneren Rotation.”
Part V: Reference (11).
2 To whom inquiries should be addressed.
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CONFORMERS OF A NITROSAMINE AND A CARBOXAMIDE 15

processes originates in the limited availability of separate isomers which equi-
librate in solution.

One class of compounds ideally suited for the desired test of the line shape pro-
cedure are nitrosamines, sinee the separation and equilibration of their conformers
has recently been achieved (7, 9-11). Almost the same situation exists for 2,4, 6-
trimethylbenzamides (7, 12) and for some formamides subsequently separated
into more or less pure rotamers (8, 10, 13, 1.4 ). This papers deals with conformers
IA and IB of neopentylbenzylnitrosamine and with rotamers IIA and IIB of
N,2,4,6-tetramethyl-N-benzylbenzamide. The pure erystalline nitrosamine 1B
(or IIA in the case of the benzamide) equilibrates in solution, generating a
certain amount of IA (or IIB, respectively) which was determined as a funetion of
time at several temperatures by "H-NMR signal intensities. After the equilibr-
tion, a detailed line shape analysis of the same mixture in the same sample tube
was carried out in order to test the accuracy of the line shape method as
rigorously as possible.

CH.C:H, CH,C(CH;)s
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ScHEME 1
EXPERIMENTAL

Conformer IB was prepared in the following way: 3.0 g (0.029 mole) of neo-
pentylamine, 5.0 g of NaHCO; , 4 em® of water, and 3.7 g (0.03 mole) of benzyl-
chloride were refluxed. After the addition of an excess of NaOH, neopentyl-
benzylamine was extracted with ether and twice distilled: 4.2 g (72 %), bp 108°C
(13 mm), ny’ = 1.4909. Calculated for C,HN: C, 81.29; H, 10.81; N, 7.90.
Found: C, 81.30; H, 10.69; N, 8.14. 17.2 g (0.25 mole) of NaNO, in 200 em® of
water were added to 8.8 g (0.05 mole) of the amine in 50 em® of water and 27.0 g
(0.25 mole) of conc. HCI at —10°C. After extraction of the mixture with ether
the extract was evaporated. The residue crystallized from petroleum ether (bp
40-60°C) at —25°C. The filirate was refluxed for 30 min in order to equilibrate
TA and again cooled to —25°C. The overall yield of 3 such crystallizations was
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8.5 g (82%) of pale-yellow 1B, mp 42-44°C. Calculated for Ci:H13N:0:C, 69.85;
H, 8.80; N, 13.58. Found: C, 69.97; H, 8.55; N, 13.67. The 'H-NMR spectra in
hexachlorobutadiene solution showed 2% = 2% of conformer IA to be present in
these crystals. (A more complete separation of the conformers can be attained
(10).) However, it can be proved that the kinetic expression (7, 12) used for the
equilibrations is valid irrespective of the conformer ratio at the beginning of the
experiment. The concentrations for the measurements were 0.6 mole liter ' in
hexachlorobutadiene. One drop of octamethyleyclotetrasiloxane (7) served as an
internal standard (r(Me) = 9.92).

The synthesis of rotamer IIA as well as the preparation and the spectra of its
solutions (0.6 mole liter " in a mixture of 1-chloronaphthalene and benzotri-
chloride, 1:1, v:v) have been published (7).

The equilibrations of ITA and IIB have already been described (7). For TA
and IB a Varian A-60 spectrometer equipped with a variable temperature
system was used. These equilibrations could be measured during 1.5 half-lives
of the process, using the CH,CsH; protons (Fig. 1). The sweep rate was 5 eps”. It
was necessary to use different procedures for the following temperatures:

28.9 and 31.9°C: Equilibrations in the probe without using the variable tem-
perature system. The probe temperature was determined by insertion of a cali-
brated thermometer instead of the sample tube; the maximum error AT was
+0.2°C.

15.5, 36.3, 40.3, and 44.7°C: Equilibrations in the probe using the variable
temperature system. The temperatures were determined according to the manu-

~CHC(CHz)3
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Fi1c. 1. Conformers IA and IB in hexachlorobutadiene at 5°C. The spectrometer ampli-
tude was reduced when the methyl signals were recorded. 7: chemical shifts, referred to
tetramethylsilane. Upper spectrum: 5 min after dissolving crystalline IB. Lower spectrum:
same solution after equilibration.
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facturer’s instructions (AT = +£2°C). These equilibrations (and those at 28.9
and 31.9°C) consisted of 25-70 integrations at different times.

5.7 and 23.1°C: Equilibrations in a bath of solid-liquid benzene or tert-butanol,
respectively. At intervals of 10 min the sample tube was withdrawn from the
bath for one rapid integration in the spectrometer probe, the temperature of
which was kept at 5.7 or 23.1°C. Any change in temperature by handling the tube
wax carefully avoided. The temperatures were determined by a calibrated
thermometer; the maximum error A7 was £0.2°C.

Line shupes were measured with the equilibrated samples using a Varian HA-
100 spectrometer equipped with a variable temperature system. Temperatures
were determined in the usual way with the ethylene—glycol sample. The tem-
perature-dependence of the glycol shift was calibrated using the clearing-points
of eristalline liquids. The systematic error of this calibration does not exceed
+0.5° For TA/IB the signals of the CH.CeH; , CH.C (CHy);, and CH; protons
could be used (Fig. 1), whereas for IIA/IIB only the CH. absorptions were
recorded. Each signal was run from 2 to 6 times at a given temperature with a
sweep rate of 0.2 to 1.0 eps’. Above 170°C the samples of IA/IB turned brown;
no additional signals appeared in the spectrum. 8-30 integrations of the CH,CH;
signals were used to compute average equilibrium constants K for conformers
1A/IB and ITA/IIB at different temperatures. The sweep rate was 5 ¢ps™

The numerical caleulations were carried out with an IBM-7040 computer. The
programs are written in Fortran IV.

RESULTS OBTAINED BY THE LINE SHAPE METHOD

(a) General. The '"H-NMR spectrum of the equilibrium mixture of the neo-
pentylbenzylnitrosamines TA and IB in hexachlorobutadiene at 5°C is given in
Fig. 1. The observed signals were correlated with the protons of IA and IB by
means of the literature data (15). Above 100°C the line widths increase; at still
higher temperatures corresponding signals of the two conformers coalesce. The
same situation exists for the N, 2,4 6-tetramethyl-N-benzylbenzamides ITA and
1IB, the spectrum of which has been discussed (7, 12).

Gutowsky and Holm (16) have given a theory describing the dependence of
an N MR spectrum upon the rate constant k4 (or k) of the process

ka
kg

SCHEME 2

A B

Furthermore, the line shapes depend upon Ay, bg, and K: Av = [vy — g is
the chemical shift difference of corresponding signals due to conformers 4 and
B. bg = b — bgx represents the measured line width b minus the contribution
of conformational broadening bex . K is the equilibrium constant of 4 and
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B.K = [B|/lA] = ka/ks.s,, bg, and K must be known for the evaluation of
spectra, but can be measured only outside the temperature range which yields
k4- and ky-values. Therefore, they must be extrapolated or interpolated to those
temperatures. This will be done in sections (b), (¢), and (d) for the CH; protons

Av [cps)
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__,_9,.(—’//
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" \
\
\
\
10
T fec]
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F1e. 2. Extrapolation of chemical shift difference Av at 100 Mcps for methyl signals of
neopentylbenzylnitrosamines IA and IB in hexachlorobutadiene.

TABLE I

SpECTRAL REsULTS FOR JA/IB (1N HEXACHLOROBUTADIENE) AND IIA/1IB (1IN
1-CHLORONAPHTHALENE/BENZOTRICHLORIDE, 1:1)2

TA TB A'y (CpS) K
Signals used T.(°C)
30°C  30°C  50°C 150°C  50°C 150°C
_CH,C.H, CH, 9.15 9.04 11.2 11.56 — — 138
O:N_N\ CH,(CH3) 6.25 59.9 56.9> |
H.(CHj)s 6.88 . .9 56. —
CH,C(CHy)s $1.33 1.49»
TA and IB CH.CH, 4.68 5.22 52.6 53.8° | —
CH,
C,H,,CO—N
CH,C,H, CH, 5.31 5.99 62.2 56.2° 0.41 0.44> ~175
A and IIB

8 r4 , 7p : chemical shifts for conformers 4 and B, referred to tetramethylsilane; Av:
chemical shift difference of the signals for 4 and B, at 100 Mcps; K = [B]/[A]: equilibrium
constant; 7. : coalescence temperature, at 100 Mcps.

b Extrapolated values.
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of IA and IB. Sections (e) to (h) will deseribe and compare the different pro-
cedures for determining k, from line shapes. Section (i) deals with the errors
involved.

(b) Extrapolation of Av. For all pairs of sharp lines in the speetra of IA/IB and
1IA/IIB the chemical shift depends linearly upon the temperature (e.g. Fig. 2).
The same behavior is supposed for higher temperatures, for which Av-values were
therefore obtained by extrapolation (Fig. 2 and Table 1).

(¢) Determination of by, . Forhigh (k, > 10*sec™) and low rates (k4 < 1sec™)
by equals the measured width b, since bgx it zero. The interpolation for the
medium range of k,-values should take account of all contributions (1) to
bg = b1 + bc 4+ bg . b; 15 due to field inhomogeneities and is nearly independent
of T'. b; was measured with the signals of acetaldehyde; we found 0.3 to 0.5 cps,
depending upon the spectrometer conditions. b is the result of unresolved long-
range couplings and was determined by double-resonance. bc was 0.3 cps or less
for IA/IB and ITA/IIB. by represents the contribution of relaxation to by . Its
temperature dependence (1) is given by

logie (Thy) = Const. + W/RT (1)

where W is an energy of interaction. As the signals of both compounds investi-
gated are still somewhat broadened by bgx at 200°C, the upper temperature
limit of our spectrometer, bg has to be exirapolated (Fig. 3) from the low-tem-
perature values according to Eq. (1).

(d) Ezxtrapolation of K. From the relative intensities of all pairs of lines origi-

tog,, (T-bR)

10¥1 [k~
2(5 3.0 3.’5
Frg. 3. Extrapolation of br , the relaxation coutribution to the line width, for methyl

signals of neopentylbenzylnitrosamines IA and IB in hexachlorobutadiene. The extrapola-

tion applies for both conformers, as IA (O) and IB (@) show the same bg at lower tempera-
tures.
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TABLE II
EquiLiBriuM PARAMETERS FOR [A/IB (IN HEXACHLOROBUTADIENE) AND ITA/IIB (1N
1-CHLORONAPHTHALENE/BENZOTRICHLORIDE, 1:1):
SraTisTicAL ERRORS ARE GIVEN

AH AG (cal AS (ew.)
(cal mole™) mole™?) 100°C  100°C
/(SHchH_,, /CH2C(CH3)3
e i

//N-N\ —~ //N-‘N\ +272 —250 +1.4
o CH,C(CH,), o CH,CH, +£22 +49 +0.1

IA IB

CQHll /CHS CBHII /CHZCBHS

£ —_ }/c —X +204 +634 -1.2
o CH,CH, o CH, +10 +20 +0.1

1A 1IB

nating from the two conformers, K can be measured below 120°C. I'ts temperature
dependence is given by

InK = —AH/RT + AS/R (2)

Assuming that the enthalpy and entropy differences (Table I1) are independent
of T, In K was extrapolated (Fig. 4 and Table I) according to Eq. (2).

(e) Use of the coalescence temperature. The k,-value at the coalescence tem-
perature T is obtained from the diagram of Fig. 5. On heating the sample one
reaches T, when the minimum between the coalescing absorptions begins to dis-
appear. Fig. 6 contains one point determined in this manner by the coalescence
of methyl signals in TA and IB.

(f) Approximations for fast and slow interconversion. Further k4-values may be
obtained from line widths at high and low temperatures, where bg < bgx << Ay.
Small rate constants are given by (17)

kA = 7|'bEx (3)

bgx being the conformational broadening of signal 4. (Similarly, the kz-value
results from signal B.) Eq. (3) is valid as far as the two absorptions do not over-
lap significantly. Large rate constants are given by (I7)

47A'K

" bax(1 + K)° (4)

A

k4 determined by Eq. (4) does not deviate from the true value by more than 10 %
when it amounts to at least three times the value at T, .
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Fic. 4. Extrapolation of the equilibrium constant K = [B}/[A] for neopentylbenzyl-
nitrosamines TA and IB in hexachlorobutadiene, obtained from 8-30 integrals of the 4
methylene signals. Error intervals represent standard deviations.

Preliminary Arrhenius diagrams for IA/IB and IIA/IIB were already ob-
tained from the information according to sections (e) and (f).

(q) Determination of ki by line shape paramelers. This procedure yields
k ,-values for the whole range of temperatures’ at which brx # 0. Characteristic
parameters for the line shape (1) are used, the most important of which is the
line width b. Below T, further parameters are Av,, , the frequency difference be-
fween the absorption maxima corresponding to 4 and B, and I../I, , the ratio of
the intensities in the absorption maximum and in the minimum between the ab-
sorptions of A and B. Initially, b, Av, , and I,,/], were computed according to
Gutowsky and Holm (16) as funetions of k., by, Av and K. Secondly, diagrams
were drayn from which we were able to read the k,-values of IA/IB and ITA/IIB
(Table IIT) corresponding to the measured parameters b, Av,, , or I./1, .

(h) Determination of k. by numerical adaption of complete shapes. This time-
consuming procedure evaluates the rate constant by comparing the experimental
line shape with that according to Ref. (16). Extrapolation of Ay, bz, and K is
necessary as above. The calculated shape is adapted to the experimental one by
variation of k4 . As an indication of their agreement we tried the sum of square
deviations and the sum of x"-values (19). x represents the difference between the
experimental intensity I and the calculated one, divided by +/T. The adaption

¢ It must be pointed out that each line shape parameter yields accurate k4-values only
in a fixed temperature range: For b this range is outside the region of coalescence; for Ay,
and I,,/I, only a small range below T, is favourable. The use of the parameters outside these
ranges may result in large errors of k4 (18). Therefore, all parameters should be used for the
determination of activation energies (3).
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Fie. 5. Diagram for the determination of the rate constant k4 at the coalescence tem-
perature 7. . K: equilibrium constant; bg = b — bgx : line width b minus contribution of
conformational broadening bex ; Av: chemical shift difference between two corresponding
signals. When K > 1, 1/K is to be used as the parameter of the diagram; in this case kp
is obtained instead of k4 . The data were computed using the equations of Reference (16).

according to x” results in good agreement near the base line of the signals; how-
ever, our results in Table IV (cf. section (i)) show that this method is unfavor-
able in our cases. On the other hand, the adaption according to square deviations
results in good agreement at the top of the signals; we used this method for some
results of Table IV and for a check of some k,-values of ITA/IIB in Table III.
We did not try mere inspection of spectra, as this seems to us to be an ill-defined
indication of agreement.

(z) Calculation of the line shape and comparison of the different evaluation pro-



CONFORMERS OF A NITROSAMINE AND A CARBOXAMIDE

TABLE III

Raty ConsTaNTs® k4 FOR PRoCEssEs A — IB or NEOPENTYLBENZYLNITROSAMINE IN

HEXACHLOROBUTADIENE AND IIA — IIB or N,2,4,6-TeTRAMETHYL-N-BENZYLBENZAMIDE
IN 1-CHLORONAPHTHALENE/BENZOTRICHLORIDE (1:1), OBTAINED BY LINE SHAPES

23

IA —IB IIA — 1IB
T (°C) k4 (sec™) T (°C) k4 (sec™t)

112.0 2.65 122.2 1.14
120.9 5.82 131.1 1.76
129.6 11.8 140.0 3.64

T. = 138.0 21.6 148.9 7.50
138.6 24.3 157 .8 4.0
147.3 42.2 166.8 27.7
156.1 81.9 175.8 46.0
165.0 149 193.6 116
174.0 285
182.8 378

* The k 4-values are averaged from up to 12 measurements from different signals.

TABLE IV
Test or FieLp DistrisuTioN Funcrions ¢g(v) anp EvaLvaTioN ProcEDURES®

Lorentzian field
distribution function

Gaussian field
distribution function

Triangle field
distribution function

CLSh LSP CLSP LSP CLSY

k(sec™1) 5.0 4.7(4.2) 5.0 3.2(2.9) 3.4 3.2(2.9)"

20.0 19.0 18.6 18.2 17.6 18.2

40.0 40.2 42.2 40.2 43.2 40.2

60.0 61.9 62.6 62.4 62.3 62.4

330 354(401) | 331 492(537) | 448 496 (541}
E, (kcal mole™) 20,0 | 20.7(21.7) | 20.2 | 23.9(24.8) | 23.2 | 24.0(24.8)
logs ko 14.0 ] 14.5(15.1) | 14.1 | 16.4(17.0) | 16.0 | 16.5(17.0)

I

LSP
3.4
17.6
43.2
62.8
455

23.3
16.0

* Spectra simulated according to Eq. (5) for the k-values of the first column were ana-
lyzed by comparison with the complete line shape (CLS) or by line shape parameters (LSP).
The resulting k-values are given in the other columns. See text for details.

» As an indication for the agreement between the calculated and the experimental line
shapes we used the sum of square deviations. Alternatively, the sum of x2-values was tried
(values in brackets). 250 points were used for the adaption.

cedures. The line shape f(v) according to Gutowsky and Holm (16) takes into
account the relaxation time T2 (T2 = 1/7bg ), but neglects line broadening by field
inhomogeneities'. The experimental line shape function f.., (v) is in agreement

* In order to simplify the calculations, we assume the absence of long-range couplings,
i.e. bc = 0. Otherwise, one has to superpose the lines according to the known coupling

pattern.
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with the calculated one only if the Gutowsky—Holm line shape f(») is convolved
(6, 20) with the experimentally determined inhomogeneity broadening ¢(»)
according to Eq. (5): '

Jexp (v) = JBO Q(V’)f(” - V,) v’ )

Therefore, k4 can be calculated from the experimental speetra by line shape
parameters (section (g)) or by numerical adaption (section (h)) according to
three methods: Method 1: As k4 is determined from f(v), this function must be
calculated from f..p, (») and ¢(v) by solving Eq. (5) for f(») as shown in the
Appendix. This method has not yet been used, although the problem can be
solved elegantly by the convolution theorem (27). The inhomogeneity broadening
g (») which is necessary for this solution may be obtained from the shape of the
CH;CHO or CHC]; signals. Method 2: The line shape fo., (v) is calculated ac-
cording to Eq. (5) for different rate constants k. , taking into account the experi-
mental function ¢ (v). The k,-values are obtained by comparing these calculated
shapes with the experimental ones. Method 3: However, most evaluations, in-
cluding ours, use another, approximate line shape f,, (v), resulting from the
Gutowsky—Holm equations by substituting bs + b;, the relaxation and in-
homogeneity contributions, for by . In this case, k. is obtained by comparison of
fexo (v) and the calculated approximate function f,, (v).

In order to test the latter determination of k.-values via approximate line
shapes (Method 3), we simulated by a computer and a plotter the spectra of a
system with Av = 20 cps, K = 1, bg = 0.05 eps, by = 1.00 cps, and five k-values
(k = ks = kg) (Table IV). Field distribution functions ¢g(») of line width b;
with a Lorentzian, Gaussian, or triangle shape were used to calculate line shapes
according to Eq. (5). These simulated “experimental” shapes few, (v) were
plotted and analyzed for & by Method 3. The k-values show considerable errors
when based upon a field distribution of Gaussian or triangle shape (Table IV).
The corresponding E.- and logi ko-values are 15% higher than the supposed
parameters of E, = 20.0 keal mole and log ko = 14.0.

A similar investigation was carried out experimentally by TFryer, Conti, and
Franconi (2). Measurements based upon best field homogeneity were compared
with those based upon worse Y-gradient control. The latter also resulted in
E.,- and ke-values which were too high.

The analysis by Method 3 gives acceptable activation parameters only for a
Lorentzian field distribution® (Table IV ); these k,-values show only small errors
(<10%) around T.. Therefore, it is unnecessary to carry out the exact, yet

5 Insofar as the field distribution g(») as well as the Gutowsky-Holm line shape f(v) are
of the Lorentzian type, fap(») and fex (») result in the same line shape, since the convolution
of two Lorentzian curves again produces a Lorentzian curve, the line width of which is the
sum of the starting widths (22). At coalescence the Gutowsky—Holm line shape f(v) deviates
most from the Lorentzian type.
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complicated convolutions of Methods 1 and 2, if the inhomogeneity broadening
¢(v) is Lorentzian. Appropriate adjustments could always be found for our
Varian HA-100 spectrometer, as was proved by experiments with the CHCl,
signal.

The %.-values obtained by parameters are now compared with those deter-
mined by complete line shapes. The latter procedure does not yield more accurate
rate constants than do parameters (Table IV) provided the convolution is
omitted by using Method 3 (as is done by almost all authors). This was confirmed
by many other kinetic investigations (23). Therefore, in this paper the parameter
procedure was preferred to the complete line shape analysis which was only used
to test some k4-values for ITA/IIB in Table III.

TABLE V

CompraRrISON oF REsuLTs OBTAINED FOR THE PRocEss TA — IB or
NEOPENTYLBENZYLNITROSAMINE BY LINE SHAPES AND
EqQuiLiBrATIONS®; SOLVENT: HEXACHLOROBUTADIENE

= — =
E. (keal mole-1) Togicko AG (i{(ggg Cmole 1) A.ISOO o((e:.u.)

Line shape method 25.3 £ 2.2" 4.8 = 1.2 22.0 = 0.3 +6.7 = 5.4
Equilibration method 24.2 & 0.3 4.1 £ 0.2 221+ 0.1 +3.5+ 09

Both methods 24.7 £+ 0.1 14.5 &= 0.1 22.0 + 0.1 +5.2 + 0.2

» B,: activation energy; ko:frequency factor; AG> : free enthalpy of activation; AS#:

activation entropy.
t Deviations given for the line shape results include statistical and extrapolation errors.

Other errors are merely statistical.

TABLE VI
CoMPARISON oF REsuLTs OBTAINED FOR THE Process IIA — IIB
oF N,2,4,6-TETRAMETHYL-N-BENZYLBENZAMIDE BY LINE
SHAPES AND EQUILIBRATIONS®: SOLVENT:
1-CHLORONAPHTHALENE/BENZOTRICHLORIDE (1:1)}

# (kcal mole™) =
E, (keal mole™) logioko AGT Ho0°C a8

(e.u.)
00°C

Line shape method 24.7 + 1.6 13.7 £ 0.8 23.4 + 0.3 +1.7 = 3.7
Equilibration method 23.5 + 1.1 13.1 + 0.8 23.1 + 0.1 —0.8 + 3.6

Both methods 23.1 = 0.2 12.8 + 0.1 23.2 £ 0.1 —2.2 + 0.4

* E,: activation energy; ko: frequency factor; AG#: free enthalpy of activation; AS>:
activation entropy.

b Deviations given for the line shape results include statistical and extrapolation errors.
Other errors are merely statistical.
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Fic. 6. Arrhenius plot for the process IA — IB of neopentylbenzylnitrosamine in hexa-
chlorobutadiene, measured by line shapes. (@) Obtained by averaging the & ,-values from
methyl and methylene signals. (A) % 4-value obtained from the coalescence of methyl sig-
nals aceording to Fig. 5. (4) Rectangles obtained by AT and the error of extrapolation and
interpolation (see section on estimation of errors). These rectangles were drawn around
the points of the adapted straight line.

(k) Results. In Tables V and VI the results obtained by line shape parameters
are given for nitrosamines IA/IB and benzamides ITA/IIB.

(1) Estimation of errors. The following errors contribute to the deviations
given in Tables V and VI: a statistical error, a systematic error of temperature,

A £ + 1o 43
and an ervor of extrapolation and interpolation (EEI).

The statistical error was calculated from the measured points in the Arrhenius
diagram (e.g. Fig. 6) as the standard deviation from the least-squares fit.

The systematic error of the temperature calibration AT is 40.5° as mentioned
in the experimental section.

The EEI results from the extrapolation and interpolation carried out to ob-
tain Av, by , and K (Figs. 2, 3 and 4). We found A (Av) = 0.2 ¢ps, Abg = 0.1 cps,
and AK = 0.02 for IA/IB and IIA/IIB. The influence of those deviations re-
sembles that of systematic errors. The EEI of each k.-value was calculated from
A(Av), Abg , and AK by means of Eq. (3) and Eq. (4) using error propagation.
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TABLE VII

EXPERIMENTAL VALUES FOR NEOPENTYLBENZYLNITROSAMINES JTA anp IB, OBTAINED BY
EQUILIBRATIONS?*; SOLVENT: HEXACHLOROBUTADIENE

T (°C) K fo.5 (min) ka- 10% (sec™)
4.7 1.31 2.3 27.8 )
40.3 1.29 3.7 17.5
36.3 1.30 6.3 10.3
31.9 1.30 10.6 6.15
28.9 1.28 18.3 3.56
23.1 1.28 32.7 1.92
15.5 1.26 111 0.635
5.7 1.25 474 0.135
5.7 1.25 482 0.133
a LW — IRV A, anaiilihiniiim panniobants # half 1ifa A v mata annatant far mrannca
[ = D)/ A eGULILOTIUM CONSLAaNny; dg.5: 1Ha811-11i€; w4.: Tave Consvany Iior prodess
IA — IB
condnihedon mmncd Fn tho TIT  acnanially whan Az 1g amall Tn thase o aqog
L\UE bUlll}llUuUCD LIIUD L UU Lic UJJL’ UDlJU\Jla:l.l‘y VIICLL &F 4D Dllladl 411 LvHICHT vaooo

A{A») and AK were neglected.

The influence of the EEI is not detectable in Arrhenius diagrams, since it does
not increase the scattering of points, but shifts and tilts the whole straight line.
Therefore, although the EEI is overlooked very often, it is important for all
methods using extrapolated or interpolated Av-, bg-, or K-values. It would be
eliminated if one could measure these values over the whole range of tempera-
tures used for the determination of &, . Below T, this is sometimes possible for

Ay and K hv adantion of the comnlete line shane. Some authors substitute by for

Al Ay pua0il O VOIS COMPICLe U0 sllay RULT AR VOIS SUOSUILVKWC U

the line vndth of internal tetramethylsilane; this procedure takes into account
b: but negleets by and bc .

The EEI of the k4-values and AT define rectangles around the points of the
adapted straight line in the Arrhenius diagram (e.g. Fig. 6). From two straight
lines with maximum and minimum slopes passing through each rectangle we ob-
tained the full systematic error of the activation parameters to which the sta-
tistical error (see above) was added.

RESULTS OBTAINED BY THE EQUILIBRATION METHOD
The equilibration of the benzamides ITA and IIB has already been deseribed

(7). The same procedure was applied to nitrosamines TA and IB (cf. Reference
10). Conformer IB, obtained by crystallization (see Experimental), was dis-
solved in hexachlorobutadiene. The gradual appearance of the signals due to TA
(Fig. 1) was measured at § temperatures below 45°C by integration of the
CH.CsH; absorptions. We suppose that this change and the coalescence of signals
at higher temperatures as reported in the preceding sections are caused by the
same intramolecular motion, the reorientation of the nitroso group (cf. Refs. 9
and 10).
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The expressions previously (7) derived were used to obtain the half-lives, the
rate constants, and the equilibrium constants for different temperatures given in
Table VII. Activation parameters for IA/IB are reported in Table V (cf. Fig. 7);
those from the equilibration of ITA/IIB in Table VI are based on the rate con-
stants determined earlier (7). The errors given in Tables V and VI for the

Iog,o A

AN

-3
-4 1

-5 -

150 100 s0 20 7 f*c] -

22 2.4 2.6 28 3.0 3.2 36wyt
F1G. 7. Arrhenius plot for the process IA — IB of neopentylbenzylnitrosamine in hexa-
chlorobutadiene. k-values were obtained by line shapes (O) and by equilibrations (@).
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equilibration parameters and for the data combined from both methods were
calculated as standard deviations from the least squares fit.

COMPARISON OF KINETIC RESULTS OBTAINED BY THE TWO METHODS

Our first attempt (7) at comparison had suffered (7,8) from using N, N, 2,4 6-
pentamethylbenzamide for the NMR line shape measurements and N,2,4,6-
tetramethyl-N-benzylbenzamide IIA for the equilibrations, i.e. from using two
similar but nonetheless different compounds. Accordingly, Gutowsky, Jonas, and
Siddall (8) investigated the same compound, N-methyl-N-benzylformamide, by
the two methods. They equilibrated liquids in which one rotamer was concen-
trated via a uranyl nitrate adduet, accorrding to the technique reported by
Siddall (13). However, it was pointed out that the half-lives obtained by this
technique are probably minimum values, as impurities would tend to increase the
observed rates (18). The difficulties encountered in these two papers (7, 8) are
absent in the case of a doubly bridged biphenyl, the ring inversion of which was
investigated by Oki and Iwamura (24) who used approximations for the kinetie
analysis. Their results agree with the rates of racemization (25) of the optically
active compound at 10.1°C and 23.3°C. However, the racemization has not vet
been measured at more temperatures.

In the present paper the equilibration parameters for neopentylbenzylni-
trosamines JTA and IB in Table V are more accurate than those for N¥,2,4,6-
tetramethyl-N-benzylbenzamides IIA and IIB in Table VI which were deter-
mined from 5 measurements in a temperature range of only 26° (7), compared
with 9 equilibrations of IA/IB in a range of 39° (Table VII). The reverse is true
for our line shape results, those for ITA/IIB being somewhat more accurate than
those for IA/IB. Comparison of the activation parameters in Table V and in
Table VI shows all values measured by the two techniques to agree well within
error limits,

We believe this agreement, obtained with the same, pure sample for both
methods, to be a meaningful confirmation of the aceuracy of rate determinations
by the line shape method.

For both compounds the activation parameters measured by line shapes tend
to be somewhat greater (though within error limits) than the equilibration data,
eg F, = 253 &+ 2.2 and 24.2 + 0.3 keal mole™ for IA — IB in Table V. In
the case of IA/IB, but not for ITA/IIB, we suggested initially erystallization of
one conformer, during the equilibrations at lower temperatures (e.g. 5.7°C').
This might have simulated higher rates at these temperatures, i.e. lower £,- and
ko-values. This explanation was disproved by the finding that no crystals of TA
or IB could be detected after equilibrated solutions stood for 2 weeks at 5.7°C;
it was stated independently that the solubility of IB, the less soluble conformer,
at +1°C in hexachlorobutadiene exceeds 0.6 mole liter ', the concentration of the
solutions used for our measurements. The slight deviations of our results obtained
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by the two methods may be caused by the systematic error discussed in section
(i) or by the nonvalidity of the Arrhenius equation (cf. Refs. 7, 26) which might
be detectable owing to the exceptionally large range of k,-values accessible in the
present study. For nitrosamines IA and IB this range amounts to more than
10" sec, as can be seen in Fig. 7.

We have tried to adapt our k4-values in Table III to the function

ke = CT e 25" (6)

in order to look for a temperature dependence of the frequency factor. However,
the sum of square deviations shows only a very flat minimum (located atn = 42
for TA/IB and at n = 49 for ITA/IIB). A real temperature dependence of the
frequency factor (or of the activation energy or both) might be detected by
measuring additional rate constants around 0.1 sec”' by double resonance (6).

Another interesting investigation would be the corresponding comparison of
spin-echo and equilibration techniques.

Note added in proof: Our recent results obtained by double resonance agree
with the data in Tables V and VI: E, = 23.5 keal mole™ and loge ks = 13.7 for
IA — IB; E, = 244 kecal mole™ and logy ko = 13.6 for IIA — IIB. As the sta-
tistical errors of these figures are still large, we did not detect a real temperature
dependence of the frequency factor.
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APPENDIX
Eq. (5) is to be solved for the unknown function f(v). Functions fex, (v) and

¢ (v) are known by measurement. One calculates the Fourier transformes Fexy, ()
and G (u), corresponding to fexp (v) and g (v):

Fop @) = [3 foxp (W) ™ dv;  G(u) = [T g()e ™ dv
The Convolution Theorem (21) connects the Fourier transformes according to

Eq. (5) by Fexp(w) = Gu)-F(u) or: F(u) = Fexp(u)/G(u). f(v) is now ob-
tained by a Fourier synthesis (21b): f(») = G [Zx F (u)e”™ du.
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