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We report use of dynamic nuclear magnetic resonance (NMR) to measure the amide rotational barrier in
isonicotinamide. A significant challenge to obtaining good transition rates from dynamic NMR data is
suppression of errors due to inherent line widths associated with transverse relaxation. We address this challenge
with a fitting procedure that incorporates transverse relaxation over the temperature range of interest simply
and reliably. The fitting model is nonlinear in only one of the fit parameters, namely, the activation enthalpy.
This reduces parameter estimation to solution of a single transcendental equation, which avoids both a fine
search over a multidimensional parameter space and extrapolation of a “limiting line width” solely from
slow-exchange data. The activation enthaldy* measured for isonicotinamide;14.14+ 0.2 kcal/mol, falls
between those of its regioisomers picolinamide and nicotinamide, which were reported in an earlier study. In
that study, ab initio calculations of the rotational barriers helped to discern the relative importance of steric,
electronic, and hydrogen-bonding effects in this biochemically significant combination of pyridine-ring and
carboxamide moieties. A direct comparison between isonicotinamide and nicotinamide, where steric and
hydrogen-bonding effects differ only slightly, permits a closer study of electronic considerations.

Introduction SCHEME 1: The Pyridine Carboxamides

Amide bonds play a critical role in chemistry and biology, H H N\
and their rotational potentials are fundamental in determining ST N |
structure and dynamics in small molecules as well as in large N H 7
molecules such as proteins and nucleic acids. An important X o / ,L
aspect of the amide linkage is the partial double bond character S o N/H
that results from donation of lone-pair electron density from F & |
the amide nitrogen to the carbonyl carbon. This leads to a H
significantly higher barrier to €N bond rotation than those  Picolinamide Nicotinamide Isonicotinamide

found in other amines. This barrier can be modified by a number 4t nicotinamide ¢13.1 + 0.3 kcal/mol), primarily due to

of structural and electronic properties and has attracted signifi- requced resonance stabilization of its transition-state structure
cant experimental and theoretical interest Recently, we  ¢ompared to nicotinamide’s, but it is not so large as picolina-
reported amide bond rotational barriers for the regioisomers mige's +17.9+ 0.4 kcal/mol). Ab initio calculations of the
picolinamide (2-pyridinylcarboxamide) and nicotinamide (3- rqtational barriers again agree well with the experimentally
pyridinylcarboxamide, vitamin § (Scheme 1) as determined  getermined values and offer unique insight into the pyridine
by dynamic NMR spectroscopy. These two medicinally ring electronic structure.

significant pyridine carboxamides showed a substantial differ- a5 part of the data analysis, we introduce a new least-squares
ence of 5.4 kcal/mol in their enthalpies of activation. Ab initio  fitting procedure for extracting the enthalpy and entropy of
calculations of the rotational barriers were in good agreement gctjvation from dynamic NMR data that avoids imposing a
with the experimentally determined values and helped partition «imjting line width” measured experimentally under conditions
this enthalpy difference into three major contributions. Of ¢ negligible exchange. It is well-kno®#r22 that an error in
principal importance was a difference in steric interactions in the |imiting line width estimate effectively contributes a constant
the ground states of picolinamide and nicotinamide, Superior  offset to the extracted rate in slow exchange. Such an error might
elec.tror! dongtlon from the pyridine ring in the transmon'state arise because tHE in slow exchange is poorly representative
of nicotinamide, a_nd an |n_tramolecular hydrogen bond in the of the T, over the full observed temperature range due to
ground state of picolinamide. Here, we report the rotational temperature-dependent association between molecules or merely
barrier for the third and final regioisomer, isonicotinamide (4- pecause the value is an extrapolation from a small number of
pyr|(1|nylcarboxam|de, Scheme 1). Isonicotinamide’s barrier gata points. This error is avoided in our analysis by fitting an
(AH? = +14.14 0.2 keal/mol) is somewhat greater than that 4nharent rate versus temperature profile to a composite curve
that includes a constant term for the limiting line width plus

* To whom correspondence should be sent. E-mail: Leonard.Mueller@ the temperature-weighted exponential rise of transition state

ucr.edu. : ;
. N o theory. To fit the composite curve robustly, we adapt the elegant
1 ehartment of Chemistry, University of Calfornia. but somewhat underutiized method of Jet et al2s and
SW. M. Keck Science Center, The Claremont Colleges. linearize the part of the fitting procedure used to extract the
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T,-dependent contribution to the line width and the transition- 0). While this simplifies the equations below and is often the
state entropy. Under these conditions, convergence to the globatase experimentally, it is by no means required. If the exchange
optimum for the line width and entropy can be guaranteed, while ratek is less tharf2 (one-half the difference between the angular
determining the best-fit enthalpy is reduced to solving a single Larmor frequencies) thenis real, and the signal has two distinct
transcendental equation. We find better convergence for thisangular frequency components, onerat € and one atr — .
method than for standard nonlinear least-squares proceduresThis is the slow-exchange regime. (The slow-exchange regime
which in some cases repeatedly failed to find a globally minimal is often more precisely defined by < 272 Q. When this
%2 statistic. In this model, we are explicitly assuming that the condition fails, the second derivative of the spectrum’s real part
limiting line width remains constant over the entire temperature with respect to frequency is zero or negative for all values of
range, although this model can easily be extended to situationsT,, and the peaks visually coalesce.) The Fourier transform of
in which 1/T, has a linear or even polynomial temperature the two decaying exponentials in eq 4 is
dependence.

Theory and Data Analysis.We begin with a brief summary
of the effects of chemical exchange on the NMR line shape.
We describe only equivalent or mutual exchange, where the
two exchanging molecular states are isoenergetic, as is the casdhus, the slow-exchange spectrum always consists of two

1—ikle
r+i(w— (o+¢)

1+ ik/e
r+i(w — (0 —¢€)

Sw) = 9

for amide proton exchange under—@® bond rotation. The
analysis follows closely the work of Bain and co-workéis
and of other canonical referenc®s8 Let m(t) denote the
complex column vector

(ma(t)
m,_(t)
wherem— (t) = my(t) — imy(t) denotes transverse magnetization
at sitej € {a,b} at timet. In the simplest two-site exchange
model, we neglect couplings to other nuclei, and the equation
of motion for m(t) is dm/dt = M-m(t), where

) &)

+iw, — 1T, —k
k

The terms inM account for precession (at the Larmor frequen-
cieswj), for transverse relaxation (with time constaiig, and
for exchange (at ratk). As M is constant, the solutiom(t) =
eM'm(0) to the equation of motion is readily obtained by writing
M in its eigenbasis and then exponentiating.

The result is the free induction decay (FID), which is the
sum ofm’s two components:

s(t) = (L,1ym(t) = m,_(t) + m, (1)

@)

k

®)

Given the initial conditionm(0) = (%) present after a single
90-degree pulse, the result is

() = e (1 — ikle) T + (1 + ikle)e™Y)  (4)
where
ke L
r=k+ T, (5)
and
e=\(Q+i0)*—K (6)
and where
_1 1
o= E(a)a +wy), Q= E(wa1 — ) (7a,b)
1 11 1 /1 1
===+, andl =/ — =— 8a,b
T, 2(T2,J1 TZb) ¢ 2(T2a T2b) (8a,b)

In what follows, we assume that there is no difference in the
transverse relaxation times associated with the two sites (

Lorentzian lines of equal amplitude. The lines are also charac-
terized by a phase leap,= tan(k/e) = sin"}(k/Q2), with one
line’s lean equal to the other's but of opposite sign. In fast
exchange (wherk > Q), € is purely imaginary. In this case eq

9 still applies, but the two Lorentzians now share the same
angular frequencyy, but differ in width and amplitude. In this
work, we fit the NMR data in slow exchange to the real part of

Sw)

Alr — Ke(w — (o0 + €)

_A r + Ke(w — (0 — €))
R

4 (w— (0 —¢)
(10)

with A denoting the peak area. This approach works as long as
the system remains in slow exchange, so &hathen it is real,
contributes to the frequency of the peaks but not the width.
The predominant effects of an increasekiare to broaden
the NMR lines (throughr(k), eq 5) and then to draw them
together toward coalescence (througk), eq 6). A further effect
of kis to modulate the phase learof the Lorentzians as they
draw together. Since this phase lean interacts strongly with first-
order phase adjustments and quadratic baseline components in
the measured spectra, in practice we extract the apparemt rate
= k + 1/T,, which is also the half-width of the NMR lines in
radians per second, and use it to estimkatedeed, the goal in
fitting temperature-dependent NMR spectra is to obtain the rate
k as a function of temperatuiie Thusk(T;) could be extracted
from spectrumi and the results subsequently fit to transition
state theory#2”which gives the rate constant at temperaflire
in terms of the entropyAS" and enthalpyAH* of activation:

keT AHE
— B FASIRG-AHTRT

K=

(11)

Here, ks denotes the Boltzmann constahtdenotes Planck’s
constant, andR denotes the gas constant.

A significant challenge to obtaining reliable rate estimates
from fits to NMR spectra is an “inherent” line width, which is
characterized byT,.2° In the slow-exchange regime, this
contributes an overall constantT3/to the half-widthr when
T, is fixed across the experimentally observed temperature
interval. A commonly used procedure is to estimai® i slow
exchange, subtract this estimate from the apparent half-widths,
and then use the results either directly in a fit to the transition
state theory expression or in an Eyring plot ofkff vs 1/T.

This can be problematic, as small errors in the estimated
can exert a strong influence on the best-fit thermodynamic
guantities. For example, we have previously reported a case in
which, when the slow-exchang@&, is varied by +10%,
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Figure 1. Graph off(®). The finite, nonzero root a® = 7120K
minimizes the weighted sum of squared resid§&sb,0) (eq 13) and
leads toAH = RO = 14.1kcal/mol.

variations in the best-fit enthalpy and entropy3fl kcal/mol
and + 10 cal/mol K, respectively, are observed in fits to
transition state theorl?. Bain and co-workef8 have similarly

Leskowitz et al.

Z VviTiZe—ZG)/Ti z WiTie—@/Ti _z WIyITIe_G)ITI

a
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0
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The linearity of eq 14 with respect @andb is crucial. The
three equations can be solved (pairwise)dandb, with the
resulting expressions substituted into the remaining equation.
The result is a single transcendental equation®omwhich is
readily solved numerically on a computer. Note that the matrix
depends only oi® and on the data. In order for the left-hand
side to be zero, the determinant of the matrix must vanish. This
determinantal equation

f(©) = Det(F) = 0 (15)

noted for Eyring plots that the first few low-temperature data Where F is the matrix appearing in eq 14, is precisely the
points can skew the best-fit entropy and lead to substantial ranscendental equation for the paramefethat is obtained

systematic errors. As errors inTk/show up as nonlinearity in

the Eyring plot, one can judge the quality of this choice based

on the linearity of the plot. In our earlier work with pyridine

by substitution to eliminate andb.
Figure 1 shows a plot d{®) for typical values of the data.
There are three roots §f©) evident, two of which® = 0 and

carboxamide4? we reported a method for treating rate data that © — «) are pathological because they essentially remove the
suppresses the sensitivity of the fit parameters to errors in the®Xponential from the model function. The third root gives the
slow exchangéT; by fitting the derivative of the rate versus OPtimal value of the paramet@, from which we obtaim\H*
temperature. This method is effective, but, as it uses finite = RO. This solution can subsequently be used to construct the
differences, it is subject to increased random errors. sums in the matri¥. If we again solve equations pairwise from

In this work, we account for transverse relaxation by fitting €9 14, then we may write three independent equations each for
the half-widthr to the functional form the a andb parameters:

a= z WiTie_Q/Ti Z WY, — Z W, 2 \NiyiTie—@/Ti
(z WiTie_G)lTi)z — z W, Z \NiTiZe—ZG)ITi

r(T;ab,®) =b+aTe " (12)

(16a)

Comparing eq 12 to eq 5 and to the rate expression (eq 11)
from transition state theory, we identify the fit parame@&r or
with AH*/R, a with (kg/h)et2S'R andb with 1/T,. Parameter
estimation could be done by nonlinear least-squares fitting to Z WiTie_ngi Z Wiyie—@)m _ Z Wie—@)m 2 WiyiTie—@/Ti

this three-parameter model. The model, a temperature-weighted o 00T, —or, 2 200,
exponential plus a constant, is closely related to the problem of z wiTie z wiTie - Z we Z wT;’e

fitting two exponentials, which is known to converge poorly. (16Db)
Indeed, for our data, standard nonlinear least-squares procedureg,

(in Mathematicareported®'’s that differed by nearly 10% from

the globaly? minimum without signaling error. Fortunately, two Z Wie—@”i Z Wy, — 2 W, Z Wiyie—@/Ti

of the parameters andb, enter linearly into eq 12, and so we (16c)

adapt a method described by Jewiit et al., which converts

z WiTie_G)lTi z Wie—G)rri _ z w z Wi-l—ie—ze)/Ti

the fitting procedure, a fine search of a three-dimensional
parameter space that may contain local minima, to what is and

essentially the solution of a one-variable transcendental equa- o o 2 20/,
tion 23 This method rapidly yields best-fit parameters guaranteed | _ z wiTe Z wyTie =" — Z WiYi Z wTe
(z VviTie—@/Ti)Z _ z WI z WiTiZe—Ze/Ti

to be globally optimaf3
In this approach, the merit function to be minimized is a
weighted sum of squared residuals

(17a)
or
n
£@b®) =y w(r, — r(T;ab,0))* (13) > wTe “'m > wyTe " — > wye > w T %e T
1= Z WITIe*@/—ﬂ z VviTiefz@/Ti _ Z Wie*@/Ti z VviTiZe*ZG)/Ti

wheren is the number of data points, and where the;, and (17b)
w; are the half-width, temperature, and weight of data ppbint  gr

We obtain optimal parameteasb, and® by setting the partial

derivatives of¢ to zero. Three equations are obtained. These 2 vviTie’Q’T' 2 Wiyie*@’”' — 2 Wy, 2 wiTie’ZQ’T'
equations are linear in the parameteendb and can be written (17¢)

in matrix form:

z WiTie*GITi z w e O _ z w z wT, e 20T
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depending on which pair is chosen. The best-fit solutiondor a) b)
obtained by solving eq 15 is the unique value that makes all of

these expressions consistent. From this calculated valag of +59 °C

we may computeAS’ = R In(halkg) and fromb obtain the

average IV, over the temperature range. The key insight is that

the model function(T;a,b,®) depends nonlinearly on only one

of the parameters). Linearity with respect t@ andb allows "“WWW
the transformations that provide a globally optimal fit to the ‘M‘

Cc

rate data without a time-intensive fine search of a three-

. . + o
dimensional parameter space. 47

Experiment

H NMR spectra were recorded on a Varian Inova spectro- .
meter &H frequency 300 MHz) equipped wita 5 mmhigh- +28°C
resolution probe. Spectra were acquired over a range of
temperatures from 0C to 60°C (273 K to 333 K) using an L e T
FTS Systems AIRJET temperature preconditioner. Samples of
isonicotinamide (Aldrich) were prepared in deuterated nitroben-
zene (Cambridge Isotope Laboratories) at 5 mg/mL and placed
in the inner portion of a 5/3 mm (OD) double NMR tube
(Wilmad Glass). The outer tube was filled with ethylene glycol WMM*MMW
(Aldrich) for temperature calibratiof? A rough estimate of the 74 70 6.6 62
temperature was provided by the probe thermocouple while the &/ ppm
actual temperature was determined using the chemical shift of _. ) N .

. . - Figure 2. Dynamic NMR spectra of isonicotinamide over a 80
ethylene glycol in thermal contact with the sample. This methqd range of temperature. (a) Only the spectral region of the amide protons
was found to provide the most accurate temperature readingis shown. Under chemical exchange, the spectral lines broaden and
for the sample. then coalesce into a single peak. In this regime, the line shapes are a

Aone_pu|se experiment with CYCLOPS phase Cyc’t]?ngas sensitive fu_nction_ of the exchange rate_. (b) Results of the fittin_g
used to obtain the NMR data. Apparent rates were eX,[ractedprocedure, including r¢5|_duals from thg fits. Note that small errors in

. . overall phase are easily incorporated into the fitting model.

from the real parts of the measured spectra using a nonlinear
least-squares fitting program written within tihvdathematica
programming environmerif.In addition to the resonance line
positionso +e, peak amplitudey, half-widthr, and exchange- Figure 2a shows spectra of isonicotinamide at several different
induced phase lean takk/¢), our fitting model included an  temperatures, each characterized by a different rate of exchange.
overall phase correction and a cubic baseline correction. When-At lower temperatures, separate resonances are observed for the
ever possible, nonexchanging peaks were excluded from thechemically distinct amide protons. As the temperature rises and
region of the spectrum that was fit. In the cases of spectral over-the exchange rate increases, the lines initially broaden and then
lap with nonexchanging peaks, additional Lorentzian lines were coalesceT = 59 °C = 332 K) into a single peak that sharpens
incorporated into the model to accommodate these resonancesas the temperature is further increased. Figure 2b shows fits to

The extracted half-widths were used as apparent rates in eqdh€ two-site exchange model and fit residuals for the spectra
15—17 to estimate both the entropy and enthalpy of activation Shown in Figure 2a. The extracted apparent rates as a function
associated with the barrier to amide bond rotation according to ©f temperature are summarized in Table 1 and shown graphically
transition state theor#:2” This procedure was again performed " Figure 3a. Figure 3a also includes a best-fit curve of the form
in Mathematicawith the data weighted inversely proportional
to numerically estimated variances of the measured half-widths.
The variances of the half-widths were roughly proportional to
the half-widths themselves. The result of the linearized fitting

procedure described in the previous section was a compositeyhich restates eq 12 in terms AH*, AS,, and T, rather than

curve consisting of a constant plus the temperature-weightedg 4 andb. The best-fit valued\H* = +14.14+ 0.2 kcal/mol,
exponential rise of transition-state theory. Uncertaintieski AS = —5.2+ 1.2 cal/mol K, andl, = 46.7+ 1.5 ms Av =

andAS* were determined through numerical calculation of the g g1 Hz) characterize the curve.
covariance matrix and are reported-asone standard errét. The estimated uncertainties, which atene standard error,
Ab initio calculations were performed at the restricted are diagonal elements of the formal covariance matrix. The (off-
Hartree-Fock, MP2 electron correlation, and density functional diagonal) covariances are also of interest. In particular, we find
(DFT) levels of theory using the Gaussian 98 software pack- that errors in the best-fit entropy and enthalpy are correlated in
age®? For each level of theory, molecules were optimized a way that makedAG* = AH* — TAS' relatively insensitive to
without constraint to their ground and transition state geometries errors. As expected, the correlation coefficients involving
using the 6-31G(d,p) basikwith corresponding single-point  are large (0.83 and 0.82, respectively, for correlatiomk*
energies calculated with the 6-3&3G(d,p) basis. Ground and  andAS). This strong correlation between errorsTinand errors
transition states were verified by frequency analysis after in best-fit estimates of bothH* and ASF has also been noted
optimization, and zero-point energy corrections were applied by Bain and co-worker® Such high correlation coefficients
with the appropriate scalin:3>For density functional calcula- ~ motivate our interest in retainint as a fit parameter over the
tions, the B3LYP functional was chosé38 observed temperature range.

Results and Discussion

= 1 + Ee+AS*/Re—AH*/RT (18)
T, h
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TABLE 1: Experimental Data Points for Isonicotinamide in a)
Nitrobenzene “z\o 150 .
apparent apparent % 125
T (K) rate (s T(K) rate 6 =90
[
272.3 22.58 298.5 39.67 g 50
273.3 23.12 299.6 46.46 <25
274.0 23.67 300.3 46.74 0
274.9 23.48 300.8 50.66 280 290 300 310 320
276.6 24.65 301.8 50.93 Temperature / K
277.7 24.39 302.6 49.20 b) =
278.7 24.88 303.5 52.63 X 1
279.7 25.36 304.5 54.60 g 5
280.4 24.67 305.6 58.95 @
281.0 27.02 306.5 61.63 X-3
282.0 26.55 307.4 65.33 v _yg
283.1 28.23 308.4 66.87 8 5 e
284.2 28.82 309.3 68.08 % 6 .
e 2800 397 7423 S 737 32 33 34 35 36
: : : : 1000/(Temp/K)
286.9 28.93 312.0 81.67
287.8 28.37 313.0 86.37 Figure 3. Apparent-rate data fit to transition state theory. (a) The
288.8 28.40 314.1 86.14 temperature dependence of the apparent rate shown as a nonlinear fit.
289.8 28.77 3155 91.38 (b) Eyring plot.
290.6 30.19 316.1 98.25
291.2 30.94 317.0 102.9 . o . .
292.2 31.20 318.1 107.8 nitrogen is disposed ortho to the carboxamide moiety (Scheme
293.3 34.50 319.0 1171 1). This ortho relationship also gives rise to a hydrogen bond
Sgé-g gg-cl)g g%g-? %%‘15‘15 in picolinamide between the amide proton and the pyridine
206.3 36.93 3215 1429 nitrogen in the ground state, which contributes significantly to
297.2 37.57 322.7 153.0 picolinamide’s higher barrier.
297.7 39.53

These two effects alone were insufficient fully to account
For comparison, we also show the rate data in terms of an for the difference in the barriers-electron donation from the

Eyring plot (of Ink/T vs. 1/T) in Figure 3b. The rates used in  PYridine ring to the carbonyl carbon tends to stabilize lone-pair
this plot are the result of subtracting the best-fil;1from the electron density on the amide nitrogen, and this electronic effect
fit described above) from the raw apparent-rate data. A linear "educes the energy of the transition state for amide bond rotation.
least-squares fit to this plot yieldsH* = +14.2 kcal/mol and Scheme 2 shows rotational pathways for the pyridine carboxa-
AS = —5.0 cal/mol K, and these values characterize the line Mides, including the roughly planar ground state and two
shown. The close agreement between these values and thosiansition states, in which the amide nitrogen is pyramidalized
obtained from the linearized fitting procedure is likely the result and the amide protons are disposed above and below the plane

of having put in the best-fit value of T/ a priori. Indeed, of the page. The reduction in energy of the transition state due
varying this a priori “intrinsic width” by 5% causes a change 10 7-electron donation is most pronounced when the pyridine
in the extracted\H* of 1.4 kcal/mol with no visible “curving” nitrogen is disposed in the position meta to the carboxamide as
of the Eyring plot. it is in nicotinamide. The resonance structdfeshown in

Comparison to Isomers and ab Initio ResultsThe enthalpy Scheme 3 illustrate how the position of the relatively electro-
of activation for isonicotinamide;+14.1 + 0.2 kcal/mol, is negative nitrogen affects-electron donation. In the roughly
between the values for nicotinamid¢13.1 + 0.3 kcal/mol, planar ground states of both picolinamide and nicotinamide (and
and picolinamide;-17.94+ 0.4 kcal/mol, reported in an earlier  in isonicotinamide), all three resonance structures shown are
study?® Ab initio calculations detailed in that study were useful important, but I and Il dominate. In the transition state, where
in quantitatively partitioning the barrier energies in nicotinamide the hydrogens are out of the plane defined by the ring atoms,
and picolinamide into contributions from steric, hydrogen- structure | is no longer relevant, and the importance of structure
bonding, and electronic effects. In particular, nicotinamide’s 1l increases. In this resonance structure, positive charge is
ground state is characterized by a steric interaction between ardistributed by resonance over three carbons in nicotinamide,
amide proton and a proton on the pyridine ring, which leads to while in picolinamide it is distributed over two carbons and a
partial pyramidalization of the amide nitrogen and which lowers more electronegative nitrogen atom. Because of this less
the barrier to rotation relative to picolinamide’s. Picolinamide favorable delocalization, picolinamide’s transition state is
does not suffer from this steric interaction because the ring stabilized by resonance to a lesser degree than nicotinamide’s.

SCHEME 2: Rotational Pathways for Pyridine Carboxamides (Nicotinamide shown. I,N,P denote position of nitrogen
atom in isonicotinamide, nicotinamide, and picolinamide)

N
N

iSO O il N
e "Q P ) - i
H
0] (0]

TS1 GS TS2
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SCHEME 3: Resonance Structures for Picolinamide (top), Nicotinamide (middle), and Isonicotinamide (bottom)

H H H H H H
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l ol 1 Tl 1 A
N+ N N
| .
\ 0 \ 0] / O-
| — | ——
N / N / . .
I II I
TABLE 2: Optimized Molecular Parameters?
dihedral angle nitrogen dipole
N-C-C-C pyramidalization angke moment C—N bond! N—H1 bond N—H2 bond
nicotinamide
ground state 19.8 354.0 2.13 1.358 0.992 0.995
transition state 0.0 320.6 0.47 1.433 1.005 1.005
isonicotinamide
ground state 24.7 354.3 3.56 1.357 0.993 0.995
transition state 0.0 321.6 2.29 1.429 1.004 1.004

a Structures optimized at HF/6-31G(d,)Dipole moment in Debye’ Angle in degrees? Bond length in angstroms.

This leads to a 32 kcal/mol contribution to the difference in P
the barriers to rotation in nicotinamide and picolinamide. ‘-0 . L : P

In isonicotinamide the pyridine nitrogen is para to the "x_. %s :&:‘1.
carboxamide moiety, and the same resonance consideration® 2 :2\.0‘, -
apply. Positive charge is distributed over two carbons and a
more electronegative nitrogen, destabilizing the transition state
relative to nicotinamide’s. Since steric interactions in the ground ;
states of nicotinamide and isonicotinamide are nearly the same, 3\0 a‘, %o “z\.&o‘
and since intramolecular hydrogen bonding is absent in both ‘%\. .‘ ‘e ‘p-‘ e ‘\0 ®
molecules, the difference in rotational barriers in these mol- € ' % g%y ?
ecules, 1.0 kcal{mol, is likely dominated by this differential nicotinamide TS isonicotinamide TS pioclinmmide 18
sr-electron donation.

Figure 4 shows the results of ab initio calculations for
nicotinamide and isonicotinamide in both their ground and
transition states. Picolinamide is also shown. As is typical of
amides, the ground states exhibit a roughly planar geometryin picolinamide. The transition states for nicotinamide and
for the amide nitrogen. The planar geometry allows for isonicotinamide are very similar in structure, with the nitrogens
delocalization ofr electrons between the amide nitrogen and pyramidalized to the same degree and the protons pointing away
the carbonyl carbon. Steric interactions with the pyridine ring from the ring as suggested by TS2 of Scheme 2, again likely
protons impose slight (but roughly equivalent) deviations from due to steric interactions. Table 2 details the geometric data
planarity at the amide nitrogen and a twist of the G+C plane guantitatively for nicotinamide and isonicotinamide.
relative to the pyridine-ring plane in the ground states of both  The ab initio energies characterizing the gas phase rotational
nicotinamide and isonicotinamide. This twist is slightly more barriers are detailed in Table 3. The experimentally determined
pronounced for isonicotinamide (by)sand essentially absent  activation enthalpies for nicotinamide and isonicotinamide agree

nicotinamide GS isonicotinamide GS picolinamide GS

Figure 4. Molecular structures of nicotinamide, isonicotinamide, and
picolinamide as determined by ab initio calculation. Both ground and
transition states are shown.
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TABLE 3: Amide Rotational Barrier of Pyridine
Carboxamides (in kcal/mol)

rotational rotational

barrier (TS1) barrier (TS2)
isonicotinamide
HF/6-31H+G(d,p} 17.3 12.7
B3LYP/6-31H+G(d,py 18.5 14.1
MP2/6-31H+G(d,p} 17.5 13.1
measured 14.1
nicotinamide
HF/6-31H-+G(d,py 16.2 11.5
B3LYP/6-31H+G(d,p) 17.4 13.2
MP2/6-311+G(d,p} 16.4 125
measured 13.1
picolinamide
HF/6-31H-+G(d,p} 18.4 20.4
B3LYP/6-31H-+G(d,py 20.1 22.2
MP2/6-311+G(d,p} 18.2 20.5
measured 17.9

a Structure minimized at HF/6-31G(d,p). Corrected with zero point
energies at HF/6-31G(d,p) scaled by @.Structure minimized at
B3LYP/6-31G(d,p). Corrected with zero point energies at B3LYP/6-
31G(d,p) scaled by 0.96.

to within 0.1 kcal/mol with the lower energetic barriers
calculated with density functional theory. The Hartré@ck
and MP2 calculations for all barriers are-2 kcal/mol lower

than those for DFT. The agreement with experiment is good
even though no account is taken of solvent interactions in the

calculations. The likely similarity of solvent interactions with
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