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NMR Studies of Arylmethyl Anions with Nitrogen Heterocyclic Rings
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'H and *3C chemical shifts for anions of 2-, 8- and 4-benzylpyridine as a function of cation, temperature, and
solvent are reported. For 2-benzylpyridine and 3-benzylpyridine restricted rotation about the C,~C; bond leads
to E and Z isomers. Charge distributions calculated from '3C chemical shifts indicate a shifting of charge to
the pyridyl ring in the order 4-BP > 2-BP > 3-BP with concurrent charge decrease in the phenyl rings. Ion pair
studies indicate that the lithium salts are tight ion pairs in THF with cation coordination to nitrogen in all anions.
Coalescence phenomena lead to estimates of the rotational barriers. The barriers for phenyl ring rotation decrease
in the order 3-BP > 2-BP > 4-BP and the barriers for the pyridyl rings increase in the same order 3-BP < 2-BP
< 4-BP. The lithium ion has an enhanced effect on charge distribution and rotational barrier.

Carbanion stability is determined by inductive, hy-
bridization, and delocalization phenomena.! Arylmethyl
carbanions have served as useful models for the delineation
and assessment of these effects.?™

The base strength of a considerable number of anions
is available from equilibrium acidity studies.* In many
cases the effects of substituent and ion pairing are well-
known.*¢ Electrochemical methods provide another useful
means of studying anion stabilities.” The one-electron
oxidation of the anions relates the anion and corresponding
radical stabilities. For di- and triarylmethyl anions sub-
stituent effects on the oxidative processes provide esti-
mates of both electron-donating and electron-withdrawing
substituents on carbanion and radical stabilities.® Thus,
pK and E,,;; values are related to anion stabilities.>

Additionally, nuclear magnetic resonance methods have
provided insight into the contributions of the several
factors affecting stability. For example, delocalization in
diarylmethyl anions leads to enhanced anion stability and
to varying degrees of = bonding to the benzylic carbon.
This = bonding leads in turn to restricted aryl rotation.
We,% and others,® have utilized dynamic NMR studies
of aryl restricted rotation in metal salts of diarylmethyl
anions as a quantitative measure of = bonding.

NMR chemical shifts and coupling constants provide
information about charge and structure of the arylmethyl
anions. Thus, 'H and 3C NMR are used to estimate
charge densities at the various positions.” Ion-pairing
effects are often conveniently characterized by the cation,
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solvent, and temperature dependencies of these values.™8
Structural and steric effects can be studied from the
magnetic shielding/deshielding effects caused by proximity
and the known geometric dependence of these terms.?®

For unsymmetrical diarylanions, electron-donating
(methyl) % electron-withdrawing (trimethylsilyl),® and the
more powerful tricarbonyl chromium substituents have
been studied.® In the main, these substituent effects
provide significant but perhaps not major perturbations
of the carbanion system. In the present study we utilize
nitrogen heterocycles as one of the aryl rings for studies
of a major substituent effect.

The introduction of a highly electronegative nitrogen
atom in the ring has dramatic effects facilitating anion
formation'® and has been utilized synthetically for over 70
years.!!  During the past 15 years investigations to
quantify and delineate the effect have provided consid-
erable insight.!?> In the main, methyl- and alkylpyridines
have served as model systems.

The equilibrium acidities of 2-, 3-, and 4-methylpyridine
of 34, 37.7, and 32.2 pK units in tetrahydrofuran, respec-
tively, reveal anion stabilization relative to toluene of some
7 to 14 kcal/mol.'® Nuclear magnetic resonance studies
of these and related anions show extensive charge delo-
calization.!? The methylene carbon is essentially sp®-hy-
bridized and considerable charge can be assigned to the
ring nitrogen. In tetrahydrofuran solution the lithium salts
are tight ion pairs.!?d Restricted aryl rotation has been
found for 2-pyridylmethyl compounds and 2- and 4-
pyridylethyl compounds.'2&¢142  Aryl rotational barriers
in the range 18.7 to 22.7 kcal/mol have been recorded.
This is compared with barriers of 14 to 18 kcal/mol for
related carbocyclic analogues.'®
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In this work nitrogen-substituted diarylmethyl anions
have been studied. The anions of 2-, 3-, and 4-benzyl-
pyridines (2-BP, 3-BP, and 4-BP) were selected. Recent
work provides pK values of the parent heterocycles of 28.4,
30.2, and 25.2, respectively.l® Accordingly, the anions have
both enhanced and varying stabilities relative to the di-
phenylmethyl anion (DPM). Stabilization energies of 6.3,
3.8, and 10.7 kcal/mol, respectively, can be estimated.
Additionally, ion-pairing studies on related systems of
alkali salts of 2-, 3-, and 4-pyridine type diaryl carbanions
have been studied with UV /vis spectroscopy.!*® We have
utilized NMR methods to probc the contributing factors
for these stability terms.

Experimental Section

Methods. Proton NMR spectra were obtained on 60-MHz
Varian EM-360, 90-MHz Bruker WH-90, and 300-MHz Varian
XL-300 FT spectrometers. Carbon-13 NMR spectra were ob-
tained at 22.64 MHz on a Bruker WH-90 FT spectrometer and
at 75.4 MHz on a Varian XL-300 FT multinuclear spectrometer.
Samples contained tetramethylsilane (Me,Si) as an internal
standard. Deuterium locking source for the anion samples (15
to 20% vol) was benzene-dg, toluene-dg or dimethyl-dg sulfoxide.
Toluene-dg also served as an aid for freezing point depression.
Mass spectral data were obtained on an AEI MS-902 high reso-
lution electron impact mass spectrometer.

Materials. The 2-, 3-, and 4-benzylpyridine heterocyclic
compounds were all commercially available (Aldrich). n-Bu-
tyllithium (n-BuLi) was 1.6 or 2.6 M in hexane (Aldrich). Tet-
ramethylethylenediamine (TMEDA) (Aldrich) was distilled from
calcium hydride. Diisopropylamine (Aldrich) was stored over
molecular sieves. Dimethyl sulfoxide (Me,SO) (Fisher) was pu-
rified by heating with CaH, to 70 °C for 2 h under N, and then
vacuum-distilled. Tetrahydrofuran (THF) was predried over
sodium and then distilled from sodium—benzophenone ketyl with
~1% Me,Si added. Potassium tert-butoxide (KO-t-Bu) and
a-methylstyrene (Aldrich) were used directly.

2,6-Dideuterio-4-benzylpyridine. The procedure for o-
deuteration of pyridine using a cobalt catalyst by Calf and
Garnett!® was followed. To 200 mg (3.4 mmol) of Co [from
Co{CH;C00)»4H,0 or CoCly6H,0] dissolved in 50 mL of distilled
water was slowly added 800 mg (21.2 mmol) of NaBH,. The water
was decanted and finely divided Co was washed to neutral pH
with distilled water and finally with 50% D,0. The wet slurry
of reduced Co was transferred to a 20 X 2 c¢m thick-walled reaction
tube which had been flushed with argon. The Co was allowed
to settle and the bulk of the water layer was withdrawn with a
long Pasteur pipet. The tube was then charged with 9 mL (9.5
g, 5.6 X 1072 mol) of 4-benzylpyridine and 2.5 mL (14 X 1072 mol)
of D0, cooled in dry ice, and sealed. The reaction was allowed
to proceed in a N,-pressurized cylindrical high-pressure oven
apparatus at 135-140 °C, 400 psi, for 5 days. The reaction mixture
was removed with a long Pasteur pipet, and the pr..duct was
separated from the water layer by a series of centrifugations and
dried over Ca80Q,/CaH,. Yield: (61%: 5.5mL,5.8g,3.4 X 1072
mol). Analysis of the deuteriated compound by 'H NMR revealed
~55% deuteration at positions 2 and 6 as well as ~25% deu-
teration at C,,.

'H NMR (CDClg): 8.43 ppm (d, 0.9 H), 7.27-6.92 (m, 7 H),
3.85 (s, 1.6 H), 3.83 (s, 0.6 H). *C NMR (CDCly): 149.83 ppm
(s,1C), 149.78 (s, 2 CH), 149.43 (t, 2C D; J.4 = 27.1 Hz), 138.81
(s,1C), 128.95 (s, 2 CH), 128.64 (s, 2 CH), 126.59 (s, 1 CH), 124.09
(s, 2 CH), 123.93 (s, 2 CHaD), 41.10 (s, 1 CH,), 40.77 (t, 1 CHD;
Jop = 20.6 Hz). Mass spectrum: m/e 173 (dy), 172 (dy), 171 (dy),
170 (d,), 169 (dy).

2,6-Dideuterio-3-benzylpyridine. This compound was pre-
pared in a manner similar to that described above for 2,6-di-
deuterio-4-benzylpyridine using 9 mL, (9.4 g, 5.5 X 1072 mol) of
3-benzylpyridine and 2.5 mL (14 X 1072 mol) of D,0. Yield: 8
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mL, 8.34 g (4.9 X 107 mol, 83%). Analysis of the deuterated
compound by 'H NMR revealed ~65% deuteration at positions
2 and 6 as well as ~30% deuteration at C,.

'H NMR (Me,SO-dg): 8.59 ppm (s, 0.6 H), 8.48 (d, 0.6 H), 7.57
(d, 1 H), 7.27-7.17 (m, 6 H), 3.95 (s, 1.4 H), 3.80 (s, 0.2 H). ?H
NMR (Me,S0): 8.60 ppm (s, 1 D), 8.48 (s, 1 D), 3.78 (s, 1.4 D).
13C NMR (CDCly): 150.27 ppm (s, 1 CH), 149.90 (t, 1 CD; J¢p
26.2 Hz), 147.75 (s, 1 CH), 147.42 (t, 1 CD; Jp = 27.2 Hz), 138.98
(s,1C), 136.60 (s, 1 C), 136.57 (3, 1 CaD), 129.04 (s, 2 CH), 128.88
(s, 2 CH), 126.69 (s, 1 CH), 123.66 (s, 1 CH), 123.53 (s, 1 CHaD),
39.16 (s, 1 CH,), 38.86 (t, L CHD; Jop = 21.9 Hz). Mass spectrum:
mje 172 (dy), 171 (dy), 170 (d,), 169 (d,).

Anion Preparation. Anions were prepared on an Ace Glass
No-Air vacuum-inert gas delivery system. All glassware was
oven-dried, assembled while hot, and then flame-dried, evacuated,
and purged with argon three times before use. Transfers were
made by syringe and cannula under argon pressure. Anion sam-
ples were collected in septum capped, flame-dried, and argon-
purged NMR tubes. The anion concentration was 0.4-0.5 M.
Anion volume ranged from 2.5 to 5 mL.

Lithium Anions with n-BuLi. For 5 mL of 0.4 M anion, 2.5
mmol of n-Buli was added to the reaction vessel through a
septum-fitted access port. The hexane was removed under
vacuum. An equivalent amount of previously distilled TMEDA
was optionally added at this time. The heterocyclic compound
(2 mmol) was added and the reaction flask cooled to -18 °C with
an ice/salt bath. Freshly distilled THF containing Me,Si was
added slowly.

Lithium Anions with LDA. For 5 mL of 0.5 M anion, 2.75
mmol of n-BuLi was added to the reaction flask followed by 2.85
mmol of diisopropylamine. After addition of 2.5 mmol of het-
erocyclic compound, the reaction mixture turned solid and became
liquid at room temperature after 10 min. Hexane was evacuated
with stirring and the flask cooled to -18 °C with an ice/salt bath
followed by slow addition of freshly distilled THF (~1% Me,Si).

Sodium Anions with Sodium Dimsyl. A 2 M sodium dimsyl
stock solution was prepared in the following manner: 25 mmol
of NaH (50% oil dispersion) was placed in a three-necked reaction
flash and washed three times with 5 mL of petroleum ether. A
magnet stirrer and 12.5 mL of purified Me,SO were introduced
into the flask, and the mixture was heated to 75 °C under nitrogen
for 35-40 min. The sodium dimsyl prepared with heating began
to deteriorate after a few days. A more stable stock solution could
be prepared by allowing the reaction mixture described above to
sit at room temperature for 3 days. The resulting sodium dimsyl
was clear straw-colored and resulted in nearly 100% anion for-
mation when used directly. The sodium anion was made in an
NMR tube. For 0.5 mL of a 0.5 M 'H NMR sample, 335 uL of
purified Me,SO and 125 uL of 2 M sodium dimsyl stock solution
were added to 40 uL of heterocyclic compound. '3C NMR samples
were usually 5 times these amounts in a 10-mm NMR tube.

Sodium Anions with Sodium o-Methylstyrene Tetramer.
For 15 mL of 0.5 M anion, 3 mmol (0.0897 g) of sodium was
weighed into a reaction flask. An amount (4.5 mL) of freshly
distilled THF (~1% Me,Si) and 0.32 mL (0.2954 g, 2.5 mmol)
of a-methylstyrene were added. The dark red solution was
magnetically stirred 2-8 h. The reaction flask was cooled with
an ice bath and 0.40 mL (0.423 g, 2.5 mmol) of the heterocyclic
compound was added. The anion mixture was allowed to warm
to room temperature with stirring (1-2 h).

Potassium Anions with Potassium tert-Butoxide. For 2.5
mL of 0.5 M anion, 1.38 mmol (0.155 g) of KO-t-Bu was placed
in a reaction flask. Then 1.25 mmol of heterocyclic compound
and 2 mL of petroleum ether were added. The flask was cooled
to —18 °C with an ice/salt bath followed by addition of 1.38 mmol
of n-Buli with stirring. After 3-4 h, the hexane and petroleum
ether were removed. Finally 2 mL of freshly distilled THF (~1%
Me,Si) were slowly added, and the solution was allowed to warm
to room temperature with stirring.

Potassium Anions with Potassium Diphenylmethane. The
potassium anion of 3-benzylpyridine was alternately prepared by
a competitive reaction with potassium diphenylmethane. The
latter anion was prepared by using KO-¢t-Bu as described above
and then an equivalent amount of 3-benzylpyridine was added
at —18 °C. After warming to room temperature, the anion sample
was transferred to a 5-mm NMR tube.
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Table I. 300-MHz Proton Chemical Shifts of 2-Benzylpyridine Anions

Ps

cation T, °C Ha Cl Hz H3 H4 H5 Hs Cy Nzr Har H4/ H5/ HG’
Li*/THF 60 4.47 7.02 6.80 6.22 6.80 7.02 N 7.23 5.33 6.47 6.37
Na*/THF 60 4.52 7.32 6.83 6.20 6.83 7.32 N 7.49 5.44 6.50 6.15
Lit/THF rtf 4.47 6.79 6.19 6.79 N 7.20 5.31 6.49
Na*/THF rt 4.49 7.37 6.81 6.17 6.81 7.37 N 7.49 5.42 6.48 6.04
Na*/Me,S0 rt? 4.28 7.22 6.56 5.90 6.56 7.22 N 7.38 5.25 6.30 5.72
K*/THF rt 4.46 7.38 6.78 6.12 6.78 7.38 N 7.59 5.42 6.46 5.99
Li*/THF -60 (4.48)® 6.80 6.80 6.17 6.80 6.80 N 7.21 5.29 (6.55) (6.69)
(4.44) (8.32) (5.92)
¢EM-360 NMR. ®Parentheses refer to E and Z forms, respectively. °rt = room temperature.
Table II. 75.4-MHz Carbon-13 Chemical Shifts of 2-Benzylpyridine Anions
T, °C cation C. C, C, Cs C, Cs Cs Cy (0% Cy Cy Cs Ce
60 Lit/THF 83.7 145.7 1202 1289 1146 1289 1202 159.0 N 1482 101.6 133.0 115.3
60 Na*/THF 82.3 1456 119.3 1274 1134 1274 1193 160.7 N 1489 102.1 132.1 1174
60 K*/THF 83.0 120.0 128.7 1129 1287 120.0 N 149.0 102.4 131.9 117.6
rt¢ Li*/THF 84.6 145.6 120.6 1285 114.3 1285 1206 1585 N 1484 100.9 133.0 112.0°
‘rt K*/THF 83.0 145.7 119.8 1287 1127 1287 1198 1602 N 149.0 102.2 131.6 117.9
rt Na*/THF 82.5 1191 1274 113.2 1274 119.1 N 148.8 102.0 131.9 118.3
rt Na*/Me, SO 84.0 1451 1198 1267 1105 1269 119.8 1588 N 148.3 100.2 130.1 116.1
-80 Li*/THF (85.0)° (145.3) 1204 128.2 (113.2) 1282 1204 (157.4) N (148.6) (100.4) (133.5) (111.5)
(86.0) (146.1) (113.6) (158.9) (148.0) (100.8) (130.7) (119.7)
-80 K*/THF 83.5 1454 1226 1279 1123 1279 116.7 159.7 N 148.8 101.8 131.4 117.8
-80 Na*/THF 84.5 1457 1225 1273 1124 1273 118.0 159.7 N 148.7 101.0¢ 1313 118.4
Fraser®* Li* 86.3 147.0 1215 129.2 121,56 129.2 121.5 159.4 N 149.3 101.4 134.0 114.7
aEstimated. ®Reference 13, ¢Parentheses refer to E and Z forms, respectively. ?rt = room temperature.
Results o 2 L
The anions of 2-BP, 3-BP, and 4-BP were prepared from 3 Lo J 3 .
the parent heterocycles and appropriate metalating agents 35 s O
(see Experimental Section). Included in the study are the 4 6 6 4
effects of solvent variation, chelating agent, and cation 5 =)
variation. The samples at 0.4-0.5 M were examined by 3 2,6
NMR at various temperatures.
NMR Measurements of 2-Benzylpyridine. The 'H
and 3C spectra of the lithium salt of 2-BP (0.5 M in THF
at 60 °C) are shown in Figure 1. Assignments were made
by using two-dimensional (2-D) HOMCOR and HETCOR _w.AJL
experiments, as well as by homonuclear decoupling. The — IPUAR . S
resulting 'H and 13C chemical shifts are listed in Tables slolseu 4l
Iand II. As expected the benzylic H, (4.47 ppm) appears
as the most upfield signal of all the anion resonances and . 35
shows no coupling in the HOMCOR diagram. We find no , 26
evidence of long range (~1 Hz) coupling between H_-Hy 5 ’
such as was observed by Takahashi'®d and Hogen-Esch.!4
As the temperature is lowered, pattern changes char- 3’ 4
acteristic of dynamic processes are seen. In this system i 4
restricted aryl rotation caused by charge delocalization in v b [ LSJ * ¢
the pyridyl ring gives rise to E and Z conformational iso- x x W‘J t ) A

mers. The proton assignments for the Li salt in Table

I are made at 60 °C when the E = Z equilibrium is fast
on the NMR time scale and single sets of peaks are found.
At —20 °C and below, distinct resonances of unequal pro-
portions are observed for Hg, Hy, and H,. The E/Z isomer
ratio, although difficult to determine accurately because
of peak overlap and base-line distortion, is approximately
2 and appears to be invariant with temperature.

For the phenyl ring, low-temperature investigation re-
veals an upfield chemical shift change for Hy, and Hg from
7.02 to 6.80 ppm in the temperature region —60 to 20 °C
but no clearly defined peaks of the two isomeric forms.
None of the remaining phenyl protons showed dynamic
behavior or temperature dependence greater than 0.05
ppm. This spectral change in pattern for the pheny! ring

(RARRERARANRARR SRR AR R RR AR RN R AN AR R RARRR RAREE
160 150 140 130 120 110

Figure 1. (a) 300-MHz proton NMR spectrum of lithium 2-
benzylpyridine, 0.5 M in THF at 60 °C. (b) 75.4-MHz carbon-13
NMR spectrum of lithium 2-benzylpyridine, 0.5 M in THF at 60
°C.

RAABRRRESANARERRERNER
100 90 PPM

is unusual. The high-temperature ortho signal is not ob-
served at room temperature, but we know from the 3C
spectra (vide infra) that rotation of the phenyl ring is
always fast on the NMR time scale. Of direct interest Hg
shows a similar broadening. There is evidence that the
process involves a shift of cation position with an increase
of steric effect at the positions most likely to be affected,
namely, Hy and Hg. This point will be further developed
after consideration of cation variation.

Assignments for the *C NMR spectra (Table II) were
confirmed with 2-D HETCOR experiments and by com-
parison with data from diphenylmethyl® and 2-ethyl-
pyridine!*® anions. At 60 °C in the spectrum of Li2-BP



504 J. Org. Chem., Vol. 52, No. 4, 1987

Table III. 300-MHz Proton Chemical Shifts of 3-Benzylpyridine Anions

Bank and Dorr

cation Tc H, ¢ H, H, H, H, H, 6 H, N, H, H, Hy
Li*/THF 60 443 673 673 602 673  6.73 750 N 637 640 6.70
Na*/THF 60 435 673 674 599 674  6.73 760 N 662 643 6.7
Li*/THF rt? 4.44 673 673 601 873 6.3 750 N 641 641  6.73
Na*/THF rt 4.37 670 671 595 871  6.70 757 N 656 640 674
Na*/Me,SO rt? 412 646 650 580 650  6.46 750 N 642 631 661
K*/THF rt 4.38 877 677 597 877  6.17 771 N 669 653  6.69

4EM-360 NMR. °rt = room temperature.

the signals have nearly averaged; however, even at this
temperature, Cy is only somewhat differentiated from the
base line. The Cg (115.3 ppm) assignment is made from
a 60 °C spectrum of Li2-BP in THF with TMEDA added.
Spectra of the anion without TMEDA show overlap with
the C, signal.

The dynamic process noted in the 'H studies is elabo-
rated in the 3C NMR in a higher temperature range due
to the greater range of chemical shifts for 1*C. At -20 °C
and below pyridyl ring rotation is slow on the NMR time
scale and the spectra display sets of isomer peaks. An E/Z
ratio of 3 is estimated and appears to be temperature-in-
dependent, although the average value calculated from *C
spectra differs somewhat from that calculated from 'H
spectra. Isomer ratios reported by Hogen-Esch!#? for salts
of 2-ethylpyridine were temperature-invariant and free of
NOE complications.

At room temperature some line broadening of C, and
C; is observed and may be related to aggregation phe-
nomena rather than phenyl rotation processes since slow
rotation of the phenyl ring signals is not attained at tem-
peratures as low as ~80 °C. Phenyl ring coalescence of the
Li salt is not achieved even at —80 °C, at which point the
anion is near precipitation. From estimates of Av and T,
a limit of AG* is given in Table IX.

Dynamic changes and isomer peaks are observed in the
13C spectra for Li2-BP for all but the phenyl ring ortho
and meta carbons. While it was not possible to obtain the
required data for a full line shape analysis because of
overlapping peaks, temperature-dependent shifts, and
unequal isomer populations, the value of T, could be es-
timated to provide a qualitative approximation of the rate.
The value is listed in Table IX. Other than the pattern
changes discussed below, the effect of temperature on *C
chemical shifts of Li2-BP is minor.

Effect of Cation and Solvent. The effect of cation and
solvent was investigated with the Na and K salts of 2-BP
in THF and the Na salt in Me,SO. A HETCOR experi-
ment was used for the Na2-BP assignments and the K2-BP
chemical shifts are easily assigned.

Cation variation has a small effect with notable excep-
tion on the 'H chemical shifts of 2-BP anions (Table I).
With larger cation trends of shielding of the phenyl ring
and deshielding of the pyridyl ring are seen. The « proton
shows virtually no effect with cation variation, a trend also
observed by Hogen-Esch!# for 2-EP anions. Of particular
interest is the unexpected deshielding effect on the otho
protons H; and Hg, of the phenyl ring with increasing cation
size. This deshielding is related to cation radius suggestive
of a steric effect. For the lithium anion the high-tem-
perature value is similarly deshielded. As described earlier,
at lower temperatures this signal appears much further
upfield. Thus, at higher temperature the lithium cation
position more nearly resembles that of Na and K. Simi-
larly noteworthy is a comparable deshielding trend in the
H, proton which is « to the nitrogen atom in the pyridyl
ring. These points will be discussed in a later section.

In the 'H spectra of the K salt of 2-BP, the pyridyl ortho
hydrogen, Hg, at 5.99 ppm at room temperature remains

unchanged to —60 °C. A similar resonance is found with
the Na salt at 6.05 ppm. The position of these resonances
is evidence that these salts are predominantly in the Z
configurations. For the high-temperature Li salt, a rota-
tionally averaged Hg resonance is found at 6.37 ppm and
at low temperature is resolved into isomer peaks at 6.69F
and 5.92% ppm in the ratio of 2:1.

Carbon-13 chemical shifts with cation change are re-
ported in Table II. Using Cy as the primary indicator, the
Z form is assigned as the major isomer in the Na and K
salts of 2-BP due to its deshielded positions.!*® The E/Z
isomer ratios for Li, Na, and K are respectively 2-3, 0.2,
and <0.1. These results of cation variation agree direc-
tionally with those of Hogen-Esch,!4® who reported an
increase in Z isomer as the cation size increased, although
in the present system much less E isomer is found for the
2-BP anions.

Two results are noted with change in 'H chemical shift
for Na2-BP as the solvent changes from THF to the more
cation solvating Me,SO. First, change in solvent for the
same cation has a much larger effect than the change in
cation for the same solvent. Second, the change in solvent
from THF to Me,SO reflects a shielding effect at all the
positions in the anion. This effect is least at the ortho
protons in the phenyl ring, which may be sterically de-
shielded. Overall, the effects on ®C chemical shifts with
solvent change are compressed and less regular.

NMR Measurements of 3-Benzylpyridine Anions.
The 'H and *C NMR spectra of the Li salt of 3-BP (0.5
M in THF, 60 °C) are shown in Figure 2. The resulting
'H and ®C chemical shifts are listed in Tables III and IV.
For the 'H spectra only H, and H, are readily assigned
from the 1D plot. The HOMCOR and HETCOR exper-
iments were particularly valuable in proton resonance
assignments for overlapping and completely masked signals
in the 1D 'H spectrum.

The effect of temperature variation on the 'H chemical
shifts reveals a slight shielding trend in the pyridyl ring
in the range of 60 to 25 °C with no other substantial effects.
As the temperature is further decreased to -50 °C, pattern
changes are observed. Assignments and spectral inter-
pretation are somewhat difficult due to apparent signal
depression and an increasingly rolling base line. Never-

£

theless, certain features are unambiguous. The peak for
H, broadens and resharpens as two peaks which are as-
signed to the E and Z forms. The signals for Hy and Hy
also undergo pattern changes, but the signals of Z isomers
in both cases are never clearly differentiated. This process
is likely a rotational process in the pyridyl ring and is
further substantiated by the 13C DNMR study.

For the 13C spectra at 60 °C the 1D and HETCOR ex-
periments provide straightforward assignments for all
carbons with the exception of C, and Cg. In the 60 °C
spectrum the signals for Cy and Cy are only beginning to
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Table IV. 75.4-MHz Carbon-13 Chemical Shifts of 3-Benzylpyridine Anions
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T, °C cation Ca Cl Cg Ca C4 C5 C6 le Cz/ C3/ C4r CS’ CG’
60 Li*/THF 80.2 146.7 119.7 1281 111.2 1281 1197 1425 141.2 N 1248 1227 118.1
60 Na*/THF 76.7 1465 1187 1284 1106 1284 1187 142.6 1427 N 1255 1245 117.8
60 K*/THF 77.0 1459 118.0 1288 110.2 1280 118.0 1420 143.0 N 1246 1236 118.0
40 Na*/Me,S0 77.7 1453 117.3 1277 1084 1277 117.3 1408 142.3 N 1256 123.6 115.7
rt¢ Li*/THF 80.0 1465 1195 1281 111.1 1281 119.5 1421 144.9 N 1249 1224 114.2
rt Na*/THF 780 1465 1188 1282 110.2 1282 1188 1423 b N 1255 1244 b
It Na*/Me,S0* 776 1451 1171 126.6 108.2 1276 1171 1406 1424 N 1254 1233 115.6
rt K*/THF 772 1459 1179 1288 109.8 1288 1179 1419 143.1 N 1244 1236 117.5
-60 Li*/THF 80.3 146.3 b 128.2 1106 128.2 b 141.8 (14504 N 1254 1228 114.4

(133.9)
-60 Na*/THF 79.5 146.4 123.1 1285 109.2 1285 1140 141.8 (145.9) N 1244 1240 (123.2)
(135.4) (113.9)
-60 K*/THF 785 146.2 1228 1289 109.2 1289 113.6 141.7 (1457) N 1245 1240 (125.2)
(135.2) (114.2)
Fraser* Li* 80.8 147.4 1202 1288 1116 1288 120.2 143.0 N 123.5 125.5

4 Bruker WH-90 NMR. ®No detectable signal. ¢Reference 13. ?Parentheses refer to E and Z forms, respectively. ¢rt = room tempera-
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Figure 2. (a) 300-MHz proton NMR spectrum of lithium 3-
benzylpyridine, 0.5 M in THF at 60 °C. (b) 75.4-MHz carbon-13
NMR spectrum of lithium 3-benzylpyridine, 0.5 M in THF at 60
°C.

be differentiated from the base line. This observation is
field-dependent. The spectra at the lower field strength
of 22.6 MHz reveals sharp resonances for Cy and Cg.
Moreover, the chemical shift values are those expected
from the rotationally averaged signals of E and Z forms.
At —60 °C rotation of both aryl rings about the central
methine carbon axis is slowed on the NMR time scale. The
ortho carbons Cy and Cy in the pyridyl ring each have two
signals of unequal height at —60 °C, and these are used as
monitors of the £/Z ratio which is ~2:1. The two signals
for Cg are at 114.4% and 125.97 ppm and those for C are
at 145.0% and 133.97 ppm. More closely spaced isomer
peaks are also seen for C; at 122.6% and 123.9Z ppm.
As the temperature is lowered from 60 °C to room tem-
perature, changes in the pyridyl ring resonances are ob-
served. At room temperature peaks are seen for the more
populated E isomeric form of Cg, Cy, and Cs. As the
temperature is lowered further to 0 °C, Z isomer peaks for
Cg, Cy, and Cg are seen. Pattern changes for the phenyl
ring in the same temperature range reveal differences in
the C DNMR of this ring. At 0 °C the C, signal has

substantially collapsed and disappears into the base line
at —50 °C. We were not able to observe distinct signals
for C, and Cg at the limiting low temperature (-80 °C).
Estimates for the rotational barriers of the pyridyl and
phenyl ring are presented in Table IX. Other than the
changes due to dynamic behavior as discussed above, 1°C
chemical shifts of Li3-BP show little temperature-depen-
dence (Table IV).

For the 60 °C 'H spectrum of Na3-BP (0.5 M in THF),
assignments are made by consideration of the HOMCOR
diagram and by deuterium NMR of an anion deuterated.
at the 2’ and 4’ positions (aNd3-BP). In fact the Hy and
H,;, signals are nearly overlapped in the lithium 1D and
2D spectra, but the Na3-BP HOMCOR diagram shows
these two peaks to be clearly separated at 6.62 ppm (H,)
and 6.43 ppm (Hy) for the sodium compound. Proton
chemical shifts of the Na anion in THF differ slightly from
the Li anion with small shielding and deshielding effects
<0.1 ppm. The temperature study reveals similarities to
the lithium anion with the appearance of isomers Z forms
for H, at 4.56% and 4.36% ppm below -20 °C. An E/Z
isomer ratio of 5 is estimated.

For the 3C NMR results with change to Na cation
(Table IV), the greatest change in shift is observed at C,
which is shielded by 3.4 ppm. Phenyl ring ortho and para
carbons are shielded and there is deshielding in the pyridyl
ring with, surprisingly, the meta position (C;) most af-
fected (1.8 ppm). At —60 °C there is a deshielding at C,,
(2.8 ppm) and shielding at the phenyl para (C,) carbon (1.4
ppm). In the intervening temperatures the phenyl ring
undergoes the characteristic dynamic changes associated
with slow aryl rotation. The value for AG* is given in
Table IX.

The case for the pyridyl ring is somewhat different. -As
the temperature is lowered from 60 °C, the peaks assigned
to Cy and Cg broaden and disappear into the base line at
room temperature. However, these peaks do not begin to
emerge from the base line at different positions until about
-5 °C. This is an unusually large temperature range for
only a rotational process. Possibly the disappearance of
the NMR signal at or just above room temperature is
caused by an additional relaxation process (e.g., aggrega-
tion exchange) taking place on the NMR time scale. At
lower temperatures the behavior is less complex and by
comparison of the spectral patterns at the lower temper-
ature regions with uncomplicated systems (LiDPM) an
estimate of AG* is given in Table IX.

The effect on chemical shifts of a change of solvent from
THF to Me,SO for the same cation (Tables III and IV)
reveals a shielding trend at all positions in 'H shifts up to
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Table V. 300-MHz Proton Chemical Shifts of 4-Benzylpyridine Anions (ppm Downfield from Me,Si)

T, °C cation H, C, H, H; H, H; H, Cy H, H, Ny H; Hg
60 Li*/THF 4.59 6.95 6.84 6.29 6.84 6.95 5.76 6.80 N 6.97 6.46
60 K*/THF 4.57 7.0 6.9 6.36 6.9 7.0 5.87 6.9 N 7.0 6.51
rtb Li*t/THF 4.58 6.93 6.83 6.28 6.83 6.93 5.76 6.79 N 6.96 6.45
rt Na*/THF 4.58 8.94 6.80 6.25 6.80 6.94 5.82 6.85 N 7.10 6.51
rt K*/THF 4.58 7.00 6.92 6.34 6.92 7.00 5.88 6.9 N 7.0 6.62
rt Na*/Me,S0° 4.27 6.78 6.70 6.12 6.70 6.78 5.69 7.00 N 7.17 6.28
¢Bruker 90-MHz NMR. ®rt = room temperature.
Table VI. 75.4-MHz Carbon-13 Chemical Shifts of 4-Benzylpyridine Anions (ppm Downfield from Me,Si)
T, °C Cation Ca Cl CQ C3 C4 C5 Cs Cy Cz/ Car C4' Csf CG’
60 Li*/THF 88.4 1443 1229 1282 1154 1282 1229 1465 1157 144.0 N 146.6  106.9
60 K*/THF 86.1 144.1 1224 1287 116.0 1287 1224 1456 1154 146.0 N 1487  106.3
rt? Li*/THF 88.0 1441 1225 1280 1151 1280 1225 146.2 1155 1438 N 146.5 106.6
rt Na*/THF 86.3 1446 1221 1279 1143 1279 1221 14683 11568 1450 N 1476  106.8
rt K*/THF 85.9 1442 1221 1286 1155 1286 1221 1457 1155 1460 N 1486 106.4
rt Na*/Me, SO 838 1440 1201 1276 112.5 127.6 1201 1476 1146 1440 N 145.0 1059
-80 Li*/THF 87.7 143.8 122.2 1281 1149 1281 1222 1459 1156 144.0 N 146.6  106.6
Fraser® Li* 88.6 1469 1233 128.7 1074 1287 1233 1445 1182 1472 N 1445 1155
®Reference 13. ®rt = room temperature.
0.25 ppm and '°C shifts up to 2.0 ppm, however, with some 2 a o 2
small differences in shielding pattern. 3 1/;;, ! 3
A room-temperature 'H spectrum of K3-BP (0.5 M in 26 ©/©
THF) shows considerable broadening. The best resolution @ 4 6 6 N *
is seen at 0 °C and assignments are straightforward. At 35 5 5’
-50 °C the appearance of two a peaks at 4.55F and 4.37% A 13
ppm is evidence of E and Z isomers in the ratio of ~5:1. 5
Additionally, E isomer peaks for Hy at 7.61 ppm and Hj, ’ , b ,
at 6.55 ppm are visible. A study of the intervening tem- U J 6 2
peratures gives evidence of a dynamic change occurring ‘ H m ‘ﬂ |
between ~20 and —-30 °C and the value of AG* is given in NS Y ‘\M, 'L A J\L
Table IX. T T T I T T T T T
Carbon-13 chemical shifts for the K anion at 60 °C, are 7o & s 60 ss S0 PPY e s
very similar to those for the Na anion. At the limiting low
temperature of -60 °C the C, and Cg resonances are sep- 5 3,5,
arate, though broadened, peaks at 122.8 and 113.6 ppm, 26
respectively. The predominant E isomer peaks of Cg and ‘
Cy are seen at 114.2 and 145.7 ppm, respectively, and the J
smaller Z isomers can be assigned. For the phenyl ring, | A , 3
the pattern observed in the intervening temperatures 51 2 0 |
closely follows that of KDPM. Coalescence temperature ny J \ |
is estimated at ~10 °C with an estimated value for AG* of LLU ’ ﬂ J L
11.5 keal/mol. This value for the rotational barrier is very - -
similar to those calculated for the Li and K anions of DPM R PO AN O S A O 3b o

which are 11.3 and 11.7 kcal/mol, respectively. For the
pyridyl ring the rotational process involving C, and Cy is
complicated by an additional dynamic process occurring
in the vicinity of room temperature. Nevertheless, the
lower temperature portions are straightforward and the
values for AG* are given in Table IX.

NMR Measurements of 4-Benzylpyridine Anions.
Proton and carbon-13 NMR spectra of the Li salt of 4-
benzylpyridine (0.5 M in THF) are shown in Figure 3. An
anion partially deuterated at the 3’ and 5 positions
{aNd-4-BP) was prepared and used to confirm 'H chemical
shift assignments shown in Table V. Assignments are also
guided by a 2D HETCOR experiment in which unambig-
uous 3C assignments, vide infra, lead to proton identifi-
cation.

Additionally a HOM2DJ experiment proved useful for
obtaining coupling constants. The upfield resonances of
a doublet of doublets is assigned to the ortho pyridyl
protons Hy (5.72 ppm) and Hg (6.79 ppm) with 4, =
6.8 Hz and ., = 2.8 Hz. Further evidence of the identity
of these two protons came from the Li salt of aNd-4-BP.
The 'H NMR spectra of this deuterated anion show that
these resonances have a pattern with the expected smaller

Figure 3. (a) 300-MHz proton NMR spectrum of lithium 4-
benzylpyridine, 0.5 M in THF at 60 °C. (b) 75.4-MHz carbon-13
NMR spectrum of lithium 4-benzylpyridine, 0.5 M in THF at 60
°C.

coupling constants. Distinct resonances for the inner and
outer ortho positions in the nitrogen-containing ring is
evidence that aryl ring rotation is slow on the NMR time
scale at room temperature. In contrast, the phenyl ring
protons H,Hy and HyH; appear as averaged signals.

The absence of any pattern changes over the range —80
to +60 °C rule out any dynamic effects on the NMR time
scale. Therefore, 'TH NMR data lead to the conclusion that
the phenyl ring is undergoing fast rotation and pyridyl ring
slow rotation on the NMR time scale at all temperatures
investigated. Additionally, the effect of temperature on
the 'H chemical shifts is small (Table V).

Carbon-13 chemical shifts of Li4-BP are listed in Table
VI. The assignments were confirmed with the help of the
DEPT, 2D HOMCOR and HETCOR experiments, and the
aNd-4-BP anion spectra. Carbons with deuteriums atta-
ched have slightly different chemical shifts compared to
those with hydrogens attached, and this is also true for
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Table VII. Calculated r-Electron Densities

anion C.

Cq

Cas

Cy

Cy

Cy

Cy

Co

total C ring

total N ring

benzylLi® 1.616
rt? LiDPM¢ 1.356

1.340

1.182
1.166

1.144

2.208
2.200

2.178

1.100

0.956

1.032
N(b)
1.284

1.166

1.052

1.032

1.065

1.100
1.090

6.267
6.339

6.305

avg Li3-BP
N(b)
1.332
N(b)
1.388

Li2-EP¢ 1.415

avg Li2-BP 1.309 1.124 2.165

rt Li4-BP 1.289 1.116 2.136 1.113

0.890
0.903

0.915

1.245 1.004 1.147

1.206 1.113 6.270
N(b)

1.450

1.005

0.932 1.170 6.248

sReference 7a. ?Estimated as explained in text. °Reference 14. ¢rt = room temperature.

other carbons that are neighbors to deuterated carbons.!?
This isotope effect leads to unambiguous identification of
the carbons Cy and Cy in the pyridyl ring in the aNd-4-BP
anion 3C spectrum.

The effect of temperature variation from +60 to -80 °C
on 3C NMR behavior revealed an absence of dynamic
changes and virtually no chemical shift changes. Absence
of distinct ortho (and meta) signals indicates that the
phenyl ring is rotating fast of the NMR time scale even
at -80 °C, so T, < =80 °C. Conversely, the pyridyl ring
is nonrotating as evidenced by 1*C chemical shifts even at
60 °C. Approximate limits of ring rotational barriers are
calculated and presented in Table IX.

An investigation of the effect of cation change included
the Na salt in both THF and Me,SO and the K salt in
THF. The 'H shifts for the Na/THF anion were con-
firmed by a HETCOR experiment and those for the
Na/Me,SO anion were established by homonuclear de-
coupling. Proton chemical shifts of Li, Na, and K anions
in THF (Table V) are very similar.

Results of ®*C NMR studies for the various cations with
4-BP in THF are listed in Table V. The largest effect is
found at C, which is shielded by ~2 ppm in changing from
the smallest Li cation to the larger Na and K ions. A
second effect results in deshielding at the C; and Cs
positions of 1-2 ppm for both larger cations.

Proton shifts are shielded (0.1-0.3 ppm) at all positions
except at Hy and Hy by change in solvent from THF to
Me,SO. The effect of solvent change from THF to Me,SO
for the Na anion on *C chemical shifts parallel the changes
found in 'H chemical shifts with a major difference in that
Cy and Cj are shielded, by 1 and 2.6 ppm, respectively,
rather than deshielded as in proton spectra. Also, the
degree of shielding observed at Cg (~1 ppm) is less than
that observed at Hg.

Discussion

Charge Densities. Carbon chemical shifts have been
used in a linear shift vs. =m-density relationship (eq 1) and

0 =289.6-156.3p N

for the calculation of 7-densities at nonequivalent carbons
in delocalized systems.”® While some =-systems containing
heteroatoms give correlation with widely differing slopes,’®
in this work with benzylpyridines, good correlation is found
with eq 1.

With a nitrogen atom in one of the rings, a redistribution
of charge to the nitrogen-containing ring is expected. For
a given amount of ring charge the para positions (C, and
C,) have the highest electron density.” Additionally, the

(17) Forsyth, D. A. Isotopes Org. Chem. 1984, 6, 1.

(18) Jackman, L. M.; Sternhell, S. Applications of Nuclear Magnetic
Resonance Spectroscopy in Organic Chemistry; Pergamon Press: 1969;
London, pp 61-98.

(19) Olah, G. A.; Halpern, Y. K.; Mo, Y.; Liary, G. J. Am. Chem. Soc.
1972, 94, 3554.
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Figure 4. Relationship between charge density in the phenyl
rings (calculated as described in text) of lithium anions at select
carbon positions.

para position is uncomplicated by hybridization changes
and cation effects and thus provides the most direct basis
for comparison.’? Nevertheless, the benzylic carbon (C,)
is expected to carry significant charge and therefore is
highly sensitive to changes in cation, solvent, and tem-
perature so that this position along with the next most
sensitive ortho positions (Cy, Cg, Cy, and Cg) are also used
as probes of w-electron’densities in the various anions.

Table VII lists the m-electron densities calculated from
13C chemical shifts of the Li anions of 2-, 3-, and 4-
benzylpyridines, as well as values for Li salts of toluene,™
diphenylmethane,™ and 2-ethylpyridine.’** The latter
anions are included so that comparison can be made be-
tween similar carbon and heteroaromatiic systems.

The total net negative charge at C, and in each of the
rings graphically depicted in Figure 4 reveals that the
phenyl ring and central carbon have less charge in the
order DPM > 3-BP > 2-BP > 4-BP. The difference in
charge is redistributed to the respective nitrogen-con-
taining rings. The charge at nitrogen is obtained indirectly
from the difference between the total m-electron charge
in DPM anion less the sum of the empirically determined
charge at each of the carbon sites for each benzylpyridine
anion.

Figure 5 graphically depicts the charge distribution of
the various pyridyl rings in comparison to that seen in
LiDPM. The greatest effect of charge redistribution is for
Li4-BP. As expected, nitrogen charge decreases in the
order 4’ > 2’ > 3’ and in all cases greatly exceeds compa-
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Figure 5. Charge distribution in pyridyl rings relative to comparable positions in phenyl ring for lithium anions: (a) diphenylmethyl

and 4-benzylpyridyl; (b) 2-benzylpyridyl and 3-benzylpyridyl.

rable carbon sites. The charge decrease at C,, parallels the
acidity changes. In fact, a plot of pK vs. 3C chemical shifts
of C, for these and some other diaryl compounds leads to
a linear relationship which may prove useful in predicting
the pK of other compounds from the 3C chemical shift
at C,.

In addition to charge 'H shifts are sensitive to steric and
anisotropic effects.®!® Deviations in the correlation be-
tween 'H and '3C shifts highlight these phenomena. For
example, in diphenylmethy! anions, the inner ortho protons
are deshielded with respect to the outer ortho protons,
whereas 1°C resonances for the inner ortho carbons are
more shielded than the outer ortho carbons.® This is likely
an anisotropic deshielding of the inner ortho protons.
Steric deshielding is seen in crowded nonplanar anions
such as a-methyl-substituted diphenylmethanides and
(triphenylmethyl)lithium.®

Figure 6 shows the 'H and 13C chemical shift correlation
for Li anions of DPM and 2-, 3-, and 4-BP. The clustering
of points along the diagonal indicates the monotonic re-
lationship between 'H and '*C chemical shifts. A slope of
0.05 is found for all «, para and meta positions close to the
anticipated slope of ~0.06.72 Points that fall above the
diagonal are all 2,2’ and 6,6’ ortho positions (except the
2’ position in Li4-BP) for which proton resonances are at
lower field compared to their position in *C spectra.
Points that fall below the diagonal are generally associated
with positions « to nitrogen. Either the protons are un-
usually shielded and/or the carbons unusually deshielded
by position adjacent to nitrogen.

Redistribution of charge brought about by change in
cation, solvent, and temperature relate to the nature of ion
pairing. For heteroaromatic systems, coordination to ni-
trogen in the carbanion adds a factor favoring contact ion
pairs. Previous investigations on analogous systems of
alkali salts of 2-, 3-, and 4-pyridine-type carbanions were
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Figure 6. Relationship between proton and carbon-13 chemical
shifts for lithium anions.

carried out by Hogen-Esch using UV /vis spectroscopy and
conductimetry.'*® The 2- and 4-pyridyl-substituted ana-
logues exist exclusively as contact ion pairs in THF and
DME. In contrast 3-pyridyl-substituted analogues were
concluded to be similar to the phenyl analogues that are
described as mixtures of tight and loose ion pairs. Sub-
sequently, Na 2-EP was characterized as a contact ion
pair.!#® Thus, precedence exists for anions containing 2-
and 4-pyridyl substituents to be tight ion pairs; however,
3-pyridyl-substituted carbanions may exist as solvent-
separated ion pairs.

Changes in ion pairing are reflected in such systems as
Li and Na DPM by *C NMR shielding changes at the
a-carbon as the temperature, cation, or solvent is varied.®
At high temperatures contact ion pairs dominate and at
lower temperatures a deshielding effect at C, results from
a larger effective cation size. In contact ion pairs of di-
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Table VIII. Carbon-13 Chemical Shift Change at C,and C,
as Function of Temperature and Solvent

temperature® solvent®
anion A8C* ASC,* AsC 2 A8C,?
DPM 4.5 -1.5 5.2 -2.6
2BP 1.6 -1.2 1.5 -2.7
3BP 0.1 0.6 0.3 -2.0
4BP -0.7 -0.5 -2.5 -1.8

¢Temperature changes from —60 to +60 °C for lithium salts in
THF. ®Solvent change from THF to Me,SO for sodium salts.
¢Chemical shift change in ppm brought about by increase in tem-
perature, ¢Chemical shift change in ppm brought about by solvent
change from Me,SO to THF.

phenylmethyl and related anions the phenyl rings have
greater charge and the « carbons less charge with in-
creasing cation size. The trend of charge at C,, with cation
(Figure 7) in BP anions is markedly different, and espe-
cially for lithium, compared to DPM systems. However,
the para carbon (C,) of the phenyl rings in all of the anions
shows a trend to increasing charge with increasing cation
size.

The chemical shift at C, (Table VIII) in LiDPM is
highly temperature-dependent whereas that for the K
anion is not. This indicates a change in ion pairing for Li
with no such change for K.® Table VIII shows a small
temperature dependence for Li4-BP and virtually none for
Li3-BP with some temperature dependence for Li2-BP.
This suggests no change in the state of ion pairing for 3-
and 4-BP and may signal a change in structure for the tight
ion pair of 2BP with temperature.

Additional evidence for a single set of tight ion pairs for
all BP anions comes from change to a more highly coor-
dinating solvent (Na/THF to Na/Me,SO). A deshielding
effect is seen with NaDPM on change from THF to Me,SO
but changes of similar magnitude are not seen for BP
anions, and 4-BP actually shows a shielding effect (Table
VIII). At the same time there is a uniform shielding at
the para position in all the phenyl rings.

These cation dependencies suggest that for lithium an-
ions coordination to nitrogen is a major factor and the
cation is displaced relative to DPM anion. With larger
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Table IX. Rotational Barriers for Diaryl Compounds®

AG phenyl ring AG pyridyl ring

anion/cation  Li* Na* K* Li* Nat K*
2.BP &  107° 112 148 . .
3-BP 10.2¢ 1087 11.5¢ 1458 13" 12.57
4-BP 4* 19/

DPM 11.3™ 11.7"

¢Tn keal/mol, 0.4-0.5 M in THF. ?Estimated from extrapolated
coalescence temperatures (T,) of -90 °C and models for Av.
¢Determined from T.’s of -30 and -25 °C, respectively, and mea-
sured values of Av. 9Estimated from 7', of 60 °C and measured
value of Av. ¢Estimated from low-temperature spectra approxi-
mation of T, at 40 °C and estimated value of A». fDetermined
from T, of -25 °C and measured value of Av. Determined from T,
of -10 °C and measured value of Av. "Estimated from adjusted T,
of 40 °C and measured value of Av. Determined from adjusted T,
of 10 °C and measured values of Av. /Determined from adjusted
T, of 10 °C and measured values of Av. *Estimated upper limit
from T, « —80 °C in *C DNMR. 'Estimated lower limit from T,
» +60 °C in 'H DNMR. ™Reference 6a. "Determined from T, of
-5 °C and measured value of Av.

cations the center shifts toward the a-carbon causing a
shielding increase opposite to that in DPM anions. At the
same time delocalized charge is redistributed from the
pyridyl ring to the phenyl ring.

A model for LiDPM tight ion pair structure based on
crystal structures for related ions of LiTPM?2% and ben-
zyllithium?® places the Li between the central and ortho
carbons, with a shortened coordination distance to the
central position. Recently a simple hard sphere electro-
static model (HSE) was proposed for the benzyllithium
system which predicts two major binding sites.”> One site
agrees with the position determined by X-ray crystallog-
raphy; in the other site the cation is over the benzene ring.

Anions of 4-BP represent the most extreme case of
shifted coordination site to nitrogen. In the proposed
structure the cation is over the pyridyl ring and close to
the nitrogen. This causes a deshielding effect at C,,, with
the smaller Li cation having the largest such effect. Ad-
ditional evidence for significant cation coordination at
nitrogen comes from solvent change for Na4-BP from THF
to Me,SO. Solvent change brings an increase of charge
at C, rather than the more typical decrease as cation is
removed by solvent, a unique feature for 4-BP anion.

Proposed structures for Li2- and 3-BP include a strong
but mitigated role of nitrogen in metal coordination com-
pared to the 4-pyridyl case. In 3-BP anions there is in-
creased charge at the meta nitrogen position, with a smaller
but unusual increase in charge seen at the meta 5 position.
A model similar to the structures found by Stucky places
the cation closer to the nitrogen ring. An alternate model,
more like the Bushby model, places the cation over the
nitrogen ring unsymmetrically.

The proposed model for Li2BP at low temperature
places the cation over the anion plane between C, and the
nitrogen at the ortho position but closer to the ortho ni-
trogen than in the models mentioned above. That the 6’
ortho proton is unusually shielded suggests that the cation
may affect anisotropic deshielding. The model is closer
to an electrostatically balanced Bushby model®! with cation
position over part of the ring.

With increasing temperature a different type of ion pair
is suggested by an increase in shielding at C, and pyridyl
ring Hy and a deshielding of Hy in the phenyl ring. These

(20) (a) Patterman, S. P.; Karle, I. L.; Stucky, G. D. J. Am. Chem. Soc.
1972, 92, 1150. (b) Brooks, J. J.; Stucky, G. D. J. Am. Chem. Soc. 1972,
94, 7333.

(21) Bushby, R. J.; Tytko, M. P. J. Organomet. Chem. 1984, 270, 265.
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Figure 8. Relationship between estimated barriers for phenyl
and pyridyl rotations and (a) pK for lithium anions and (b) phenyl
ring charge (calculated as in text) for lithium anions.

effects are consonant with an ion pair with cation position
closer to the a carbon similar to the DPM anion. From
the effects of cation and solvent variation this type of ion
pair obtains for Na and K as well.

Precisely determined rates by theoretical line-shape
analysis proved impractical in this work due to overlapping
peaks, temperature-dependent shifts, and unequal isomer
populations. Nevertheless, in many cases a value of T,
could be determined and leads to an estimate of the ro-
tational barrier within 0.5-1.0 kcal/mol. For the phenyl
rings this was possible for most combinations of anions and

Bank and Dorr

cations. For the pyridyl rings, the estimation was not as
straightforward and in many cases only limits or no values
could be obtained. Table IX summarizes the relevant data.

For the phenyl rings (Figure 8) the barrier increases
4-BP < 2-BP < 3-BP < DPM-a similar trend to the
comparison of calculated charges. Thus, for Li cation,
nitrogen even in the 3-position appears to draw some
charge from the phenyl! ring.

Only 2- and 3-BP anions are considered for the effect
of cation on rotational barrier of the phenyl ring. Results
recorded in Table IX show that Li anions are uniquely
separated from other cation-anion combinations. On
change to Na and K, 2- and 3-BP have similar phenyl ring
rotational barriers much like the DPM system when the
cation is K. Strong coordination to the nitrogen for the
lithium cation as indicated earlier is an attractive expla-
nation.

The estimated AG* values of the pyridy! rings with the
various Li anions (Figure 8) reveals an opposite trend to
that seen for the phenyl rings and AG* increases in the
order 4-BP > 2-BP > 3-BP > DPM. Interestingly, rota-
tional barriers for the pyridyl rings of Li2-BP and 3-BP
are similar, suggesting that the coordination of cation to
the nitrogen is an important factor. With larger cation the
pyridyl ring rotational barrier of 3-BP approaches that
found for KDPM, and at the same time the phenyl ring
rotational barrier increases.

A plot of Li anion AG* values vs. pK (Figure 8) shows
that for the benzylpyridines AG* of the pyridyl ring in-
creases as that of the phenyl ring decreases in the order
4-BP > 2-BP > 3-BP. Increased anion stability results in
increased charge delocalization in the nitrogen-containing
ring at the expense of charge delocalization in the phenyl
ring, when compared to diphenylmethy! anion. The plot
emphasizes the probable close coordination of Li to the
nitrogen in each of the anions including 3-BP, which ap-
pears to have an unusually high barrier to pyridyl ring
rotation.

Registry No. 2-BP7Li*, 56501-99-6; 3-BP"Li*, 97254-18-7;
4-BPLi*, 81771-00-8; 2,6-dideuterio-4-benzylpyridine, 106232-00-2;
2,6-dideuterio-3-benzylpyridine, 106232-01-3.



