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acceptor orbital, as perturbed by the central ion, etc. This is
true whether electron transfer takes place by a conjugatively
stabilized radical-cation transition state as suggested by
Gould“*e or by a resonance mechanism following preparation
of the acceptor and donor sites as suggested by Price and
Taube.?? If, then, for a given reducing agent, this orbital were
the main factor in determining the energy barrier, it would
have been reasonable to expect the transfer of one electron to
Colll to be at least as fast as the transfer of the two electrons
to the “free” ligand. The fact then that this is not the case in-
dicates that the rate is determined by other factors, e.g.,
preparation of the acceptor and donor sites as suggested by
Price and Taube.

In continuing the comparison it is also interesting to note
that the product Crlc** obtained in the reaction of Cr2+
(aqueous) with “free” pyruvic acid has emax 59 at Amax 420 nm
and émax 45 at Amax 570 nm. These absorptivity values indicate
that one of the two Crlt ions forms with the ligand a chelated
ring. In contrast, the product, and presumably the activated
complex as well, in the reduction of the pyruvato complex of
Colll is monodentate. In fact it has been suggested*®< in this
case that chelation in the activated complex is not an important
factor in determining the relative rates. Extension of this
conclusion to include the reduction of the “free” ligand as well
cannot be made offhand. The differences in rates between the
bound and the unbound ligand are clearly associated with
structural differences.
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Abstract: An ESR study of the ion pairs of 3,5-dinitropyridine with alkali metals in tetrahydrofuran and 1,2-dimethoxyethane
is reported. The analysis of the ESR spectra of the ion pair with Nat after the addition of sodium tetraphenylborate shows an
intermolecular cation transfer between DNP~—-Na* and Na*BPh,~. Kinetic parameters are compared with those of the corre-
sponding reaction of m-dinitrobenzene. The interpretation of the ion pairs structure is supported with ab initio calculations of
the electrostatic potential generated by the 3,5-dinitropyridine radical anion. The spin distribution in the ion pair is computed
by the McLachlan method modified according to McClelland. The same method is adopted to study the exchange mechanism

by evaluating the association energy for the triple ions.

Introduction

Line-width alternation effects in the ESR spectra of a
number of ion pairs obtained by alkali metal reduction of ar-
omatic substrates have been widely investigated. These effects
are generated by the relative motions of the counterions
causing various magnetic field modulations; thus the line width
is essentially a kinetic parameter, and allows a description of
the ion pair dynamics.

Following a research on radical ions of nitropyridine de-
rivatives,3~> we have previously determined the hfs constants
of the free radical anion of 3,5-dinitropyridine (DNP) obtained
by electrolytic reduction in different solvents.5’

In this paper we report an ESR study of ion pair association
of DNP with alkali metals in tetrahydrofuran (THF) and

0002-7863/78,/1500-31325801.00/0

1,2-dimethoxyethane (DME). Information on the structure
of the ion pairs is also obtained by the electrostatic potential
method based on an ab inito wave function 8-10

In particular we investigate the rate and the mechanism of
sodium exchange reaction in the DNP~-Na* system when
another source of metal ions, such as sodium tetraphenylborate
(NaBPh,), is added to the solution.

A comparative analysis of the ESR spectra of m-dinitro-
benzene (MDNB)-sodium after the addition of NaBPh,!! is
presented.

Experimental Section
DNP was obtained following the method suggested by Plazelf,12
mp 106 °C. NaBPh, (Fluka) was used without additional purification.

© 1978 American Chemical Society
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Table I. Experimental hfs Constants (G) of DNP~-M* in DME and THF
Solvent Redn method t,°C AN(-N=) aH,; GH, au, AN(3-NO3); AN(5-NO,) am
Li 20 1.38 3.46;4.19 3.54 9.37,0.30 0.26
Na 20 1.37 3.52;5.16 3.68 8.73,0.27 0.27
DME Na + NaBPhy (0.4 M) 20 1.38 4,514 3.62 4410 0.00
—60 1.40 3.48,5.26 3.76 8.53,0.00 0.00
K 20 1.34 345,510 345 7.87,0.25 0.00
Li 20 1.36 3.60; 5.00 3.60 9.13;0.25 0.00
Na 20 1.37 3.53;5.11 3.63 8.82;0.27 0.25
THF Na + NaBPhy (0.04 M) 20 1.38 4.35¢@ 3.62 4.43b 0.00
—-60 1.41 3.00; 5.10 3.55 8.28;0.00 0.00
K 20 1.38 3.57;5.28 3.57 8.17;0.00 0.00
Cs 20 1.38 3.65;5.34 3.65 8.14;0.00 2.19
THF Electrolysis 20 1.45 4.85,4.85 3.36 3.52:3.52

@ In the fast exchange region only the averaged value of ay, is detectable. ¢ As the components of the hyperfine quintet with M~ = 1 are
very broadened, only a triplet with splitting an(.no,) + an(s-NO,) is observed.

Table II. Experimental and Calculated hfs Constants (G) of 3,5-Dinitropyridine and 3-Nitropyridine Anion Radicals

3,5-Dinitropyridine

3-Nitropyridine

Free anion Ion pair Ion pair
Ring Exptl Caled Exptl Caled Exptl Caled
position Nucleus a b c d e f e
1 N (-N=) 1.45 —-2.03 297 1.37 2.09 1.21 1.43
3 N (NOy) 3.52 2.13 4.06 8.82 9.79 9.43 10.67
5 N (NO3) 3.52 2.13 4.06 0.27 0.49 1.032 1.29¢
2 H 4.85 —4.48 =7.06 3.53 —4.58 3.07 -3.11
6 H 4.85 —4.48 —7.06 5.11 —5.49 4.03 —4.20
4 H 3.36 -1.21 0.45 3.63 -2.19 3.42 —3.89
Na 0.25 0.19

a Electrolytic reduction in THF. # INDO method.? ¢ Spin denstities calculated by the McLachlan method!? and translated into coupling
constants according to the relationships ay = —24.7pc G,2% annoy) = 33.0(2on — po) G,24 an-N=) = 13.1pn + 6.96(pc, + pce) G324 In
THF. ¢ Spin densities calculated by the McLachlan method!” modified according to McClelland.!8 The cation is in the molecular plane at
1.5 A from the nitrogen of the nitro group along the C-NO; bond. / In DME. ¢ Proton at position S.

DME and THF (Fluka) were carefully purified and the reaction with
alkali metals was carried out according to the standard techniques.!3
NaBPh, was progressively added through known volumes of titrated
solution.

ESR spectra were recorded with a Varian E-Line Century Series
spectrometer. The magnetic field sweep was calibrated by a Varian
Field/Frequency Lock E-272B.

The temperatures were locked by a thermoresistance controlling
a nitrogen flow through an electrovalve. The precision of temperature
measurement was estimated to be 0.5 °C.

Methods of Calculations

The ab initio unrestricted Hartree-Fock wave function of
the anionic component of the ion pair has been calculated by
the GAUSSIAN 70 program'# adopting a STO-3G minimal
basis set.!> The geometry of the radical anion was derived from
that of the neutral molecule obtained by x-ray diffraction,!6
assuming C; symmetry with bond lengths and bond angles
obtained by averaging the experimental values, except for the
C-H bond length, for which the value 1.085 A was assumed.
The electrostatic interaction energy of the free anion with a
unit point charge® was calculated by using the ab initio uhf
wave function of the radical anion; it was computed in the
molecular plane and in parallel planes at 1.5, 2.0, 2.5, and 3.0

A different calculation was performed to include the influ-
ence of the cation on the spin distribution of the anion: we used
the McLachlan method!” correcting the Hiickel parameters
for the electrostatic attraction between the anion radical and
the cation, according to McClelland.!8

DNP Anion/Alkali Metal Cation Ion Pairs. Experimental
Results

The hfs constants of the system DNP~-M+* were measured

in the range from —100 to 90 °C; no significant change was
found on temperature variation, A typical spectrum is shown
in Figure 1. In Table I we report the hfs constants for Li, Na,
K, and Cs salts of DNP~: in DME and THF at room temper-
ature together with those of the radical anion obtained by
electrolytic reduction in THF. In the case of the sodium salt
the hfs constants obtained from spectra recorded at 20 and —60
°C after addition of NaBPh, are also reported. No results for
Rb salts are included since their spectra are poorly resolved and
their interpretation is complicated by the presence of the two
Rb isotopes. Cs salts in DME are not soluble enough to record
well-resolved spectra, Hfs patterns for Li, Na (before addition
of NaBPhy), K, and Cs salts are consistent with a spin distri-
bution which does not have a C; symmetry, unlike that of the
free ion.” In these spectra the 2,6 protons are not equivalent
and the 1:2:3:2:1 hyperfine quintet of the two nitro groups is
replaced by two 1:1:1 triplets with very different splittings of
about 8.0 and 0.2 G, respectively. In the case of Li, Na, and Cs
salts the quartets and the septet typical of these metals are
easily recognized. These data suggest that the cation is local-
ized near one nitro group to form a strongly associated ion pair.
This classification is supported by the slight dependence of the
hfs constants on temperature (Figure 2). Both the lack of
valuable line-width alternation due to dynamic processes and
the absence of the free ion spectrum in the whole range of
temperatures confirm our interpretation.

Theoretical Model for the Ion pairs

The loss of symmetry in the spin distribution of the ion pair
is well reproduced by the McLachlan method!” modified ac-
cording to McClelland;!8 the results are collected in Table II,
together with the measured and calculated hfs constants of
3-nitropyridine=-Na+* ion pair in DME. The close correspon-



3134

A

It .
A

I
j

il

.
&l

F

I

“ ﬁ N | |
Ay W i "%WW i

Figure 1. ESR spectra of DNP~Na+* in DME at 30 °C. (A) Experimental
spectrum (modulation amplitude 0.16 G; microwave power 2 mW; time
constant 0.25 s; scan rate 2.5 G/min). (B) Simulated spectrum: anno,)
= 8.848 + 0.001, anenoy = 0.269 £ 0.002, an-n=) = 1.373 £ 0.001, ay,
= 5.100 £ 0.001, ay, = 3.634 £ 0.001, an, = 3.529 £ 0.001, an, = 0.296
+ 0.001 G, and W, = 0.153 £ 0.002G.
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Figure 2, Temperature dependence of the hfs constants (G) of DNP~-Na*
in DME (@) and DME containing 0.4 M NaBPh, (A). The full lines were
obtained through the trial interpolating function: log (aT) = ag + a1(1/T)
+ az(l/TZ) +...=ao(l = ay/aeT)1,

dence between the two experimental spin distributions and the
comparison with the calculated values allow us to assign the
larger proton splitting to the 6 proton (i.e., para to the nitro
group near the cation) and the two nearly equivalent hfs con-
stants to the 2,4 protons (i.e., ortho positions).

The calculated potential surfaces of DNP~- in the molecular
plane and in parallel planes at 1.5 and 3.0 A are shown in
Figures 3-5. By assuming that an alkali metal cation should
not approach the anion closer than 1.5 A, we discuss our results
in term of envelope surfaces at distances between 1.5 and 3.0
A from the anion. The absolute minimum of —130 kcal/mol
is in the molecular plane in the region at 1.5 A from the nitro
group. A relative minimum (—1135 kcal/mol) is found at the
same distance in the region of ring nitrogen. There is no barrier
between the oxygens of the same nitro group. Instead the
barriers between the two nitro groups and between the nitro
groups and the ring nitrogen are about 50 kcal/mol. These
barriers sharply reduce to a few kilocalories per mole on the
envelope at 3.0 A from the anion. It emerges from Figure 5 that
at 3.0 A over the molecular plane the potential surface shows
a flat minimum spread on the whole radical. These results
confirm that the cation is localized in the region of one nitro
group in agreement with spectroscopic evidence. The large
values of the barrier between the two nitro groups prevent the
intramolecular exchange of the cation and explain why line-
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Figure 3. Contour lines of the electrostatic interaction energy between
DNP~- and a unit point charge: molecular plane. The lines connect iso-
potential points and the numbers represent the values in kcal/mol. The
dotted lines represent the envelope surfaces at distances of 1.5, 2.0, 2.5,
and 3.0 A from the anion.

width alternation effects are not present in the ESR spectra
of the ion pairs.

Sodium Exchange between Two Equivalent Sites

When small amounts of NaBPh,4 up to 0.4 M are added to
a solution of DNP~-Na* the following significant changes
occur in the ESR spectra: (a) the sodium quartet disappears
and the large coupling constant of the nitro group nitrogen
smoothly decreases; these facts, and in particular the decrease
of the hfs constant with the addition of salt, are due to the
formation of triple ions, which exist in rapid equilibrium with
the ion pairs; (b) a very strong line-width alternation is ob-
served in the hyperfine pattern; it can be evidenced by changing
either the salt concentration or the temperature. The largest
variations of line width on temperature are found for the
doublets of 2 and 6 protons: above —30 °C in THF and —10
°C in DME the two doublets collapse into a triplet of about 4.3
G (Figure 2 and Table I), whose central line (my, + my, =
0) is broadened. This broadening decreases on increasing
temperature, as shown in Figure 6. These line-width alterna-
tion effects are generated by a cation exchange between two
equivalent positions at rates (see next sections and Table III)
comparable to the difference between the two hfs constants
(JAa| =« 1.6]7v,|s™!) expressed in frequency units.'®-2! This
condition is not fulfilled in the case of the two nitro groups
(1 Aa] o 8.6|vels™!), so that the hyperfine lines with My =
+1 are completely broadened in the whole range of tempera-
tures. The exchange frequency decreases with temperature and
reaches the slow exchange limit at the lowest explored tem-
peratures. The corresponding spectra consist of a superposition
of individual spectra, whose time average is seen in the fast
exchange region. In Table I the hfs constants determined at
20 (fast exchange region) and —60 °C (very slow exchange
region) are shown.

The same exchange process was observed by Adams and
Atherton!! for the MDNB—-Na* ion pair in DME and THF
containing NaBPh,. We reinvestigated these systems to get
data processed by the same numerical method (see next sec-
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Figure 4. Contour lines of the electrostatic interaction energy between
DNP~ and a unit point charge: plane 1.5 A over the molecular plane.
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Figure 5. Contour lines of the electrostatic interaction energy between
DNP~- and a unit point charge: plane 3.0 A over the molecular plane.

tion) and so comparable with those of the DNP~-Nat/
Na*BPh,~ system.

ESR Line Shape Analysis

The effect of the chemical exchange process on line shape
was calculated in a few cases by the general phenomenological
density matrix method.22.23 The details of this application have
been described elsewhere.2* In most cases, to save computer
time, we have adopted the formalism of the Redfield-Freed-
Fraenkel theory!®-2! valid in the fast exchange region. The
following line-width expression was used:

| PRI IR N | NV RS | L ol Lot |
-18 ‘0 -8 0 -] 10 18
gauss

Figure 6. ESR spectra of DNP~:Na* in DME containing 0.4 M NaBPh,
at different temperatures. Solid lines: simulated spectra; points: experi-
mental spectra. (A) ¢ = 80 °C; annoy = 9.102 £ 0.002, an-Nn=) = 1.359
+ 0.002, aytriFlet = 4,321 £ 0.002, aydoublet = 3,607 £ 0.004 G, and W,
=0.273 £ 0.006, Wexen = 0.136 £0.006 G, 7! = (2.48 £ 0.15) X 108
s™1. (B) 1 = 40 °C; anvoy = 8.969 £ 0.003, an(-N=) = 1.361 + 0.003,
ay'firlet = 4,349 + 0.002, ayfoublet = 3,616 + 0.005 G, and Wy = 0.296
+ 0.008, Wexeh = 0.258 £ 0.009 G, 71 = (1.31 £ 0.07) X 108571, (C)
t = 25°C; an(Noy = 8.931 £ 0.003, an(n=) = 1.371 £ 0.003, gygtriete:
= 4,370 £ 0.002, aydoublet = 3,626 + 0.005 G, and Wy = 0.259 £ 0.008,
Wexch = 0.374 £ 0.022G, 771 = (0.90 £ 0.07) X 1085~1, (D) t = —50°C
(very slow exchange region); angno,) = 8.568 £ 0.011, an(-N=) = 1.416
+0.009, ay = 5.218 £0.027, an, = 3.532 £0.036, ay, = 3.671 £0.047
G, and 4 = 0.624 £ 0.036, Bnnoy = 0.030 £ 0.010, Cnnoy = 0.063
+0.018 G.

W(mstmHs) =Wy + Wexch(mHz - mH5)2
= Wo+ Wexen(l — My?) (1)

where My = my, + my,. Wy is the width of a line not affected
by the dynamic process and Wy, is the exchange contribution
to the line width.

As the spectra, mainly at low temperatures, show also re-
laxation broadenings, such additional effects on line shape were
taken into account through the well-known equation

N ~ N
Wi=A+ 2 BuMjo+ 3 Can(M,)
a=1 a=1

+ gﬁ EosMioMs  (2)
(For a justification of eq 2 and related symbols see ref 20 and
21). The relevant spectral parameters were optimized through
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Table III. Line-Width Contributions and Frequericies of the Intermolecular Cation Transfer for DNP~-Nat and MDNB—-Na* in DME

and THF containing NaBPh,#

DNP~:Na*t b MDNB~:Nat ¢
t,°C Wexeh, G -1 X 1077571 Wesxens G =1 X 1077, 571
DME

90 0.108 £ 0.007 3.13£0.24

80 0.136 £ 0.006 248 £0.15 d

70 0.165 + 0.005 2.05+£0.11 0.018 + 0.009 327 £ 1.64

60 0.185 £ 0.007 1.83 £ 0.11 0.022 + 0.003 2.67£0.37

55 0.194 £ 0.012 1.74 £ 0.13 0.016 + 0.003 3.68 £ 0.69

50 0.199 £ 0.008 1.70 £ 0.10 0.027 £ 0.004 2.18+£0.33

45 0.219 £0.007 1.54 £0.08 0.024 £+ 0.003 2.45+£0.31

40 0.258 £ 0.009 1.31 £0.07 0.025 £ 0.006 2.35+£0.57

35 0.317 £ 0.012 1.07 £ 0.06 0.035 £ 0.004 1.68 £0.19

30 0.361 £ 0.017 0.94 £ 0.06 0.045 £ 0.006 1.28 £0.17

25 0.374 £ 0.022 0.90 £ 0.07 0.055 £0.012 1.07 £0.23

20 0.458 £0.030 0.74 £ 0.06 0.067 £ 0.015 0.88 £0.19

10 0.544 £ 0.065 0.62 + 0.08 0.073 £ 0.016 081 £0.18

0 0.858 £ 0.157 0.39 £0.07 0.104 + 0.009 0.55£0.05
-10 1.178 £ 0.355 0.29 £ 0.09 0.125 £ 0.010 0.47 £ 0.04
—20 0.154 £ 0.012 0.38 £0.03
-30 0.202 £0.014 0.29 £0.02
—40 e 0.270 £ 0.014 0.22 £ 0.01
-50 0.334 £0.020 0.18 £0.01
—60 e
THF

90 0.058 + 0.006 6.75 £ 0.71

70 0.062 £ 0.007 6.32+£0.72 d

50 0.096 + 0.008 4.08 £0.35

40 0.114 £ 0.013 3.44 £0.40

30 0.132 £0.015 297+£0.34 0.012 £ 0.007 6.68 £ 3.96

20 0.176 £ 0.014 223+£0.18 0.013 + 0.006 6.16 £2.92

10 0.231 £0.014 1.70 £ 0.11 0.021 £0.010 382+ 1.86
-10 0.437 £0.055 090 £0.11 0.033 £0.011 243 £0.85
-20 0.508 £0.059 0.77 £ 0.09 0.021 £0.014 3.82+£2.58
-30 1.062 £ 0.595 0.37 £0.21 0.044 £ 0.026 1.82 £ 1.09
—40 0.065 £ 0.022 1.23£0.44
-50 e 0.082 + 0.026 0.98 £ 0.33
—60 0.116 £ 0.033 0.69 £ 0.21
-70 e

@ 0.04 M for the DNP~-Na*/THF system; 0.4 M otherwise. ¢ {ay,
I =

explored temperatures (very slow exchange region). ¢ |ay, — au,
slow exchange region.

—ap,| = 1.63G in DME and 1.76 G in THF, as obtained at the lowest
0.68 Gin DME and 0.79 G in THF. ¢ Very fast exchange region. ¢ Very

Table IV. Arrhenius Parameters of the Rates of the Line-Broadening Process

E, keal/mol@ 107194, 57!
Ion pair THF DME THF DME
DNP 421£0.15 441 £0.14 9.1 £04¢ 1.5+£03
MDNB?* 3.69 £0.23 4,02 £0.21 40+0.8 1.2+£04

@ Half a value of the dissociation heat of NaBPhy has to be substracted in order to obtain the activation energy of the rate constant kf (AHp
= —1.3 and —1.7 kcal/mol in THF and DME, respectively.26 & The values previously reported (E, = 6.2 kcal/mol, 4 = 1.3 X 1012s~1)!!
are probably affected by the narrow range of explored temperatures. < Corrected for a 0.4 M concentration of NaBPh.

an iterative least-squares line shape fitting procedure. A
modified version of the computer program ESRCON,2? repro-
ducing the exchange and the relaxation effects on line shape
and optimizing parameters Wexch, 4, B Co and E g, wWas
used.?4

Calculation of Sodium Exchange Frequency

The frequency r~! of the cation transfer is related to the
exchange contribution to the line width, Ween, through the
following relationship;20.2!

- 2
! (S—l) = gz;%. |aH;V ahHsl (3)
exc

where |ve| /8V3 = 1.271 X 106 G~! s~ if apy and Wy are

expressed in gauss. The value of |ay, — an,| was assumed to
be temperature independent and was evaluated from the cor-
responding ESR spectra in the very slow exchange region.
Exchange frequencies and line-width coefficients are collected
in Table II1. By matching the calculated with the experimental
rate constants over the explored range of temperatures, we have
determined the activation parameters for the dynamic process
involved. The corresponding Arrhenius plots are given in
Figure 7. The Arrhenius parameters derived therefrom are
collected in Table I'V.

Mechanism of Cation Exchange

The exchange contribution (Wexcn) to the line width was
found to depend on the concentration of added NaBPh,, as



Simonetta et al. | ESR Study of the Ion Pairs of 3,5-Dinitropyridine

T

25 a0 a5 a0 a5

T

Figure 7. Arrhenius plots of the rates of the line-broadening process. (O)
MDNB~-Na*/THF/Na*BPh,;~, (@) DNP~.Na*/THF/Na*BPhs™;
() MDNB--Na*/DME/Na*BPhs~; (a) DNP—-Na*/DME/
NatBPhs~ (scale shifted by —0.75).

0 L L It i

[e1¢] 01 02 03 04
Ve

Figure 8, Plot of 1/ Wexp vs. the square root of the NaBPh, concentration
(M) for the DNP system in THF.

shown in Figure 8. The observed salt dependence of Weycn as
well as that of the nitrogen splitting of the nitro groups can be
attributed to the reaction

k
DNP--Na* + Na* == Na*DNP-Na*  (4)
ki
The rate of the line-broadening process is first order in sodium
ion concentration, according to the plot of Figure 8 and the
following relation:
1 d[DNP~Na*] _
[DNP—-Nat] dr

=

f[Nat]
=~ kf\/ KpC (5)

where the mean lifetime () between cation exchanges is given
by eq 3; Cis the molar concentration of added NaBPh, and Kp
is its dissociation constant.?® The rate was independent of the
concentrations of DNP and of the ion pair. From the plot of
Figure 8 avalue of ks = (122.8 £0.6) X 108 M~1s~! was de-
termined at 20 °C.

The presence of triple ion in dilute ethereal solutions of
radical ions having two polar groups in symmetric positions
has been reported on several occasions.2”-32 The structures of
such species??30-32 and the possible roles of these species in
intermolecular cation-transfer reactions!!:2932-34 have been
discussed recently. In our case the presence of the triple ion in
solution with the ion pair leads to an ESR spectrum due to a

1/(a,,-8)
3

20 30 a0 50 1)
e

Figure 9. Plot of 1/(ajp — @) vs. the reciprocal of the square root of the
NaBPh, concentration (M) for the DNP system in THF.

28 30 32 34 36 38 40
10%7

Figure 10. Arrhenius plots of the rate constants of the Na*DNP—-Na*
triple ion ionization in THF (O) and DME (®).

time-averaged species: the observed hfs coupling constants are
the results of the time average () between the coupling con-
stants of the triple ion (ay;) and the ion pair (ap). According
to the procedure given by Stevenson and co-workers,3% the
following relationship is obtained:
1 1 1

Qip — Qi * (aip — ay) KTV KpC ©)
where Kt = k¢/k; is the thermodynamic equilibrium constant
controlling the formation of the triple ion. Provided that a plot
of 1/(ajp — @) vs. 1/+/C is linear, Kt can be obtained from the
slope and the intercept. Treated in this manner, our data did
yield a straight line, as shown in Figure 9, with an equilibrium
constant of 156 + 13 M~!at 20 °C. A value of 4.366 £ 0.003
G was obtained for the nitrogen hfs constant of the two nitro
groups in the triple ion. By combining eq 5 and 6 the rate
constant k; is readily obtained:

aip'—a

ip ™

The corresponding Arrhenius plots are shown in Figure 10. The
dependence of 7, a;,, and @ on temperature was known from
the experiments, whereas the difference (ai, — ay;) was kept
constant. The following activation parameters for the ioniza-
tion of NatDNP—-Na* were derived:

DME
» = 4.60 £ 0.08 kcal/mol, 4 = (2.3 £ 0.3) X 10'05~"!

THF
E, =756 +0.14kcal/mol, 4 = (1.8 £0.4) X 1013s7!
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Figure 11, Plots of log Kt vs. 1/T for the DNP system in THF (©) and
DME (e@).

The values of K at each of the temperatures studied can be
easily obtained by eq 6. These data were treated in the usual
manner (Figure 11) to yield the values —2.58 £ 0.21 kcal/mol
and ~O0 eu for the enthalpy and entropy in the THF, respec-
tively. In DME the equilibrium constant did not change sig-
nificantly in the whole range of temperatures (Kt =211 M},
AH =~ 0kcal/mol, AS = 11.5 + 0.4 eu). The major deviations
in the plots of Figures 7 and 11 should be ascribed to the dif-
ficulty in obtaining accurate values of Kp at each temperature.
Moreover, the plot of log Kp vs. 1/T is not linear in the whole
range of temperatures.

The ascertained dependence of the observed rate of the
line-broadening process on salt concentration and the forma-
tion of triple ions indicate that the cation transfer in the
DNP--Na* ion pair is intermolecular. The two mechanisms
firstly suggested by Adams and Atherton!! for MDNB—-Na*
can be formulated also for DNP~-Na* (see Figure 12A,B).
These mechanisms produce different line-width effects. In the
case of (A) the hyperfine components of 2,6 protons triplets
broaden according to the relationship20:2! W(My) = Wo +
WexenMu?, whereas in (B) eq 1 holds. Our observations are
consistent with mechanism (B).

A Simple Theoretical Model for the Reaction Path of the
Intermolecular Cation Transfer in the Systems DNP~-
Na*/Na*BPh,~ and MDNB—Nat/Na*BPhy~

The association energy of DNP~- with two point charges has
been calculated according to the McClelland method.'8 By
defining ry and r; as shown in Figure 12B, and assuming r, +
r» = const, r; was chosen as the reaction coordinate in the
cation exchange between DNP—-Na* and Na*tBPh4~ ion
pairs. The cations have been allowed to move along the direc-
tions of the C~-NO, bonds in the molecule plane as far as 18
A. Beyond this distance the cation does not perturb the spin
distribution of the ion pair. The trend of the association energy
vs. ry is plotted in Figure 12B. A similar trend has been ob-
tained for MDNB~-Na*. The barrier height is lower for
MDNB~:Nat than for DNP~-Na*; the difference of about
0.4 kcal/mol between the two barriers reproduces well the
experimental difference of the activation energies (see Table
1V) for intermolecular cation transfer.

Effect of Solvent Viscosity

To obtain information about the effect of solvent viscosity
on the kinetics of the cation exchange, we have evaluated the
activation energy of the diffusion process. According to the
rotational diffusion model for the electron spin relaxation in
liquids, 3¢ the coefficients B, and C, of eq 2 are proportional
to n/T. As the solvent viscosity 7 follows a Boltzmann distri-
bution,?¢ the plots of log (B, T) or log (C,T) vs. 1 /T lead to
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Figure 12. Possible reaction mechanisms of sodium cation exchange in the

DNP system (see text). The energy barrier calculated through the

McClelland method is reported for mechanism (B).

the following activation energies:

DME + NaBPh, (0.4 M) —E, = 2.58 £ 0.09 kcal/mol

THF + NaBPh, (0.4 M) —E, =2.29 £ 0.34 kcal/mol
AE, = 0.29 kcal/mol

As these values are less than the activation energies for the
intermolecular cation transfer (see Table IV), it can be inferred
that the diffusion is not the rate-determining step. However,
the difference AE, of about 0.3 kcal/mol may account for the
difference between the activation energies of chemical ex-
change in DME and THF.

Concluding Remarks and Summary

When DNP reacts in ethereal solvents with the alkali metals,
the corresponding ion pairs are formed. The ESR spectra show
that the cation is strongly associated to the anion in the region
of the nitro group. The finding is supported by the analysis of
the potential surface of the radical anion computed by using
an ab initio wave function. The calculated barrier of about 50
kcal/mol between the two nitro groups prevents the intramo-
lecular transfer of the alkali metal cation between the two re-
gions of highest electron density. The fact accords well with
the observation that the shapes of ESR lines are unaffected by
cation transfer, However, through the line shape analysis of
the ESR spectra after the addition of NaBPhy to the ion pair
solution, the following reaction mechanism can be estab-
lished:

Nat + DNP~:-Na* = NatDNP—-Nat = NatDNP~-
+ Nat

The intermolecular cation transfer via the formation of a
symmetric triple ion is evidenced both by the line-width al-
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ternation and the dependence of the nitrogen hfs constant on
NaBPhy concentration. The kinetic parameters for the for-
mation (k¢ = 122.8 X 108 M~1s~1at20°Cin THF, £, =4.9
kcal/mol) and the ionization (k; = 7.7 X 1075~ at 20 °C in
THEF, E, = 7.6 kcal/mol) of the triple ion have been deter-
mined. The thermodynamic equilibrium constant controlling
the formation of the triple ion in THF is 156 M~! at 20 °C
(AH = —2.6 kcal/mol, AS = 0 eu). If DNP~-Na* forms a
contact triple ion, one fully solvated Na* ion changes into a
nonsolvated one, according to eq 4. Desolvation of ions in-
creases the entropy of the system and makes the association
endothermic.3” As the heats of formation of the triple ion both
in THF and in DME are low (—2.6 to 0 kcal/mol), it can be
inferred that the triple ions as well as the ion pairs3® are solvent
separated.
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Nucleophilic Solvent Assistance in the Solvolysis
of endo-2-Norbornyl Derivatives
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Abstract: endo-2-Norbornyl derivatives have in many instances served as models with which to compare the solvolysis of exo-
2-norbornyl derivatives. Consequently, it is important that the solvolysis of the endo epimer be well characterized if the nature
of exo-norbornyl solvolysis is to be determined. In the present paper nine probes of nucleophilic solvent assistance are applied
to endo-norbornyl solvolysis, and it is determined that the amount of solvent assistance is small. The implications of this con-

clusion are considered.

That endo-2-norbornyl derivatives solvolyze with nucleo-
philic solvent assistance has become an important argument23
in the controversy* over the nature of the 2-norbornyl cation.
Winstein originally proposed® that endo-2-norbornyl brosylate
ionization is aided by weak nucleophilic solvent assistance to
yield what is best described as a nucleophilically solvated ion
pair, 1, which then reacts further by collapsing (without re-
arrangement) to inverted solvolysis product, or undergoes
leakage to the 2-norbornyl cation (Scheme I). Important
supporting evidence for this conclusion was the observation of
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8% excess inverted (unrearranged) acetate upon acetoly-
$is.67

The work of Schleyer’s group in the late 1960s established
the importance of nucleophilic solvent assistance in the sol-
volysis of secondary derivatives,’ and this raised the possibility
that such assistance might be important in the solvolysis of
endo-2-norbornyl derivatives. While Schleyer himself has
argued*2 that endo-2-norbornyl derivatives solvolyze with only
weak solvent assistance, much greater importance has at times
been suggested for the role of solvent in these reactions.23 The
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