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Notes for  

Determination of Rotational Barrier via 
Nuclear Magnetic Resonance (NMR) 

 
The following is a set of short notes to outline the experiment in question and to provide helpful 
guidance to those executing the experiment. 
 

A. Nuclear Magnetic Resonance (NMR) is capable of probing chemically distinct species in a 

molecule and to provide information on the molecular dynamics of those species. 

B. In substituted amido compounds , the C–N bond displays a substantial 

barrier to rotation and the nitrogen substituents, R1 and R2, are found to be co-planar 

with the carbonyl group. 

C. The compounds N,N-dimethylacetamide and N,N-dimethylformamide are examplars of 

this behavior and suitable for study via NMR. 

D. The rotational isomerization of N,N-dimethylacetamide about the C–N bond has been 

studied with moderately low field NMR (1.4 T or 60 MHz for 1H resonance). Varying the 

sample temperature causes the rotational rate about the C–N  to vary in turn. At 

sufficiently high rates motional averaging of the NMR signals corresponding to these to 

methyl groups occurs and they coalese into a single signal. 

E. At the higher field available in this laboratory (7.1 T or 300 MHz for 1H resonance), the 

minimum rate necessary for coalescense and the temperature required for the 

attainment of this rate is significantly higher than at low field. 

F. The observation of these various signals is the experimental target of this experiment. 

The simulation and analysis of these signals using NMR processing software followed by 

the interpretation of this analysis in terms of suitable thermodynamic variables will be 

performed. The theoretical explanation of the origin of the rotational barrier will be 

discussed in the Laboratory Report. 

G. The dynamic analysis to be performed requires accurate knowledge of the sample 

temperature throughout the experiment and a separate calibration of this experimental 

variable is required. 

H. The elevated temperatures required by this experiment may necessitate sealing of NMR 

tubes containing samples. 
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A physical chemistry experiment 

NMR Determination of the Rotational 
Barrier in N,N-dimethylacetamide 

Nuclear magnetic resonance spectroscopy has long been 
taught a t  the undergraduate level as an effective tool for 
structural studies. Althoueh it has been almost 20 vears since 
the first ~tudies  of rate processes hy nmr spertnmopy were 
renorted I 1  I little about this techn~oue has filtered down to 
thk underg;aduate level. Consider, for example, the lack of 
dynamic nmr experiments in the current physical chemistry 
lahoratory manuals (2). In this experiment the barrier to 
rotation in N.N-dimethvlacetamide is determined by mea- 
suring changes in nmr l k e  shapes as a function of tempera- 
ture. This studv is an example of dynamic nuclear magnetic 
resonance spectroscopy. 

The beautv of this method is twofold. First, dynamic as- 
pects of systems which are a t  chemical equilibrium can be 
studied. For example, rate information can be obtained for 
virtual reactions, such as the cis-trans isomerization of 
N,N-dimethylacetamide in which reactants and products are 
chemically identical 

Second, due to the characteristic period of the nmr measure- 
ment, a range of reaction rates usually encountered in the 
laboratory is easily accessible (10-1-10-5 s-1). In addition, 
rotational barriers in the range 3-20 kcallmole can be studied 
by this method (3). 

Theory 

Line Shape Analysis 
If two mourn of chemicallv equivalent nuclei are exchanged 

by an inGamolecular procesi, the nmr spectrum is a function 
of the difference in their resonance frequencies, UA - up = Au, 
and of the rate of exchange, k. (A typical value for AD is about 
10 Hz.) The effects of exchange at  several temperatures on the 
linewidths a t  u~ and ug are shown in Figure 1. At low tem- 
peratures the exchange is slow and k << Au. The spectrum thus 
consists of two sharp singlets a t  VA and vg (Fig. 1 A).  At high 
temperatures the exchange is fast; i.e. k >> Au and a single 
sharp peak is observed (Fig. 1 D). There is also an interme- 
diate temperature range over which the spectrum consists of 
two significantly broadened overlapping lines (Fig. 1 B) .  

Usually spin-spin and spin-lattice relaxation determine the 
width of an nmr absorption peak (7). Here we are concerned 
with the additional effect of exchange of two groups of 
chemically equivalent nuclei on linewidth. The Heisenberg 
uncertainty principle states that the product of the uncer- 
tainty in the measurement of the energy of a particular state, 
AE, and the uncertainty in the lifetime of the state, At ,  is 
approximately equal to h; i.e 

AEAt -- h (1) 

Since 

I For example, see Program 140or 165,Quantum Chemistrv Pru- 
gram Exchange. Indiana University, Hloomington. Indiana 17101. 
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Figure 1. Effect of exchange of chemically equivalent nuclei on nmr line 
shapes. 

Aul12, the absorption linewidth for the transition, is inversely 
proportional to the lifetime of the excited state 

An exact analysis ot'rhe line hroadening produced by theex- 
rhanpe process is derived from the Hloch equations ( 4 ) .  The 
  loch equations describe the motion of the bulk magnetic 
moment of a samnle in the Dresence of a static field. Ho. and . ... 
a rotating field, H I ,  perpendicular toHo. 

The exart function for the l inesha~e 15) in the case of two . . .  
equivalent exchanging groups with no coupling is given by 

K ~ Y A  - u d P  d") = 

I' 
(4) [i - ve) - + 4 z 2 r Z ( u ~  - v ) ~ u g  - 

where&) is the intensity a t  the frequency, u; K is a normal- 
ization constant and r = 1/2k where k is the rate constant for 
the exchange. r, "A, and vg are functions of temperature and 
cannot be determined separately. Computer programs are 
available in which estimated values for r, UA, and vg are used 
to generateg(v) which is then compared to the experimental 
spectrum.' Values for r, PA, and up are chosen such that the 
deviation between the experimental and calculated lineshapes 
is minimized. Alternatively various approximations can be 
made which apply over different ranges of exchange rates. 
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A ~ ~ m x i m a t e  Methods for Evaluation of Rate Constants (6). . . 

Direct calculation of the lifetime of a specific spin state from 
eqn. (4) can be made over a limited temperature ranae. Be- 
yond a certain temperature, the rate of exchange is so f k t  that 
the magnetic environments of the two sets of nuclei are 
identical and any possihle distinction between the two sets of 
nuclei is lost. Thus we have only one set of spins with a lifetime 
determined by spin-spin and spin-lattice relaxation mecha- 
nisms. 

As the temperature is varied from values a t  which the rate 
of exchange is low through values of intermediate exchange 
rates, to rapid exchange, a series of approximations is available 
for the calculation of lifetimes. Although these approximate 
methods orovide somewhat less accurate results than does 
eqn. (4), k e y  present the student with a meaningful treatment 
of the data obtained bv an nmr studv of a chemical rate oro- 
cess. 
Slow andhtermediate  Exchange: At slow exchange rates 

the spectrum consists of two lines. In this region r >> ("A - 
up)-', and eqn. (4) reduces to 

.. . . . 

where T ~ A '  is the spin-spin relaxation time. Comparison of 
eon. ( 5 )  to theexact function shows that the linewidth of the 
line a t  YA is 

1 1  
( A Y A ) ~  =; (m + $) ( 6 )  

In the absence of exchange the linewidth is (Avo)ln = 
(~TzA')-'. Exchange results in broadening equal to (?rr~)-'. 
A value fork (= 1/27) is determined by comparing linewidths 
a t  half height of exchanging peaks to those of peaks recorded 
at  temperatures where the rate of exchange is very small 

For slow exchange, the rate can also be related to the change 
in peak separation. Equation (8) applies over the limited 
range where there is extensive overlap between the two seo- 
araie peaks (but not too close to coal&ence, see below) 

- 

u k = % ( A d  - Ave2)112 (8) 

where Aui is the neak seoaration in Hz. and the subscrints (i . . 
= e or 0, have the previ&ly defined meanings. 

A third method applies in theslow exchange region. In the 

ratio method, k is calculated from the ratio of the intensities 
of the peaks, I-, to the intensity midway between the peaks, 
Zmin, r = Zmm/Zmin and 

k = nA"o ( r  + (,2 - r)112)-112 
73- (9) 

Coalescence Tem~erature: The coalescence temoerature is 
defined as the temperature a t  which the appearance of the 
soectrum chanees from that of two senarate oeaks to  that of 
:single, flat-t&ped peak (see Fig. 16). At t6is temperature 

rAvo 
=73- (10) 

Fast Exchange: At temperatures above the coalescence 
temperature, the spectrum consists of a single peak. In this 
region r << (WA - u d - '  and eqn. (4) reduces to  

If the signal is not completely collapsed, i.e., the process is slow 
enough to contribute to  its width hut is still well beyond the 
rate corresponding to separate signals, the following ap- 
proximation results 

Experimental 
A 15 volume percent solution of freshly distilled N,N- 

dimethylacetamide (NNDMA) is prepared gravimetrically 
in carbon tetrachloride containing 2% tetramethylsilane 
(TMS). The sample is transferred to a clean and dry nmr tuhe, 
deeassed, and oermanentlv sealed. Deeassine is reauired in 
order to remove paramagnetic oxygen which, if not removed, 
would result in an additional. indeterminate line broadening 
factor. To be sure that the sealed nmr tuhe can withs tad 
exposure to high temperatures, the tube should be immersed 
in an oil bath and heated to -160°C. 

Any nmr spectrometer equipped with a variable tempera- 
ture probe may he used for the spectral measurements. A se- 
ries of spectra is recorded at  each temperature until no further 
change in spectral characteristics (line-width or peak sepa- 
ration) is observed. The resolution of the instrument should 
he checked a t  each temperature by recording the methyl 
resonance of TMS. The temperature is most conveniently 
determined using either a sample of ethylene glycol (above 
ambient): T = 466.4 - 1.705 (AD) - 63.4 (Av/100)'or methyl 
alcohol (below ambient): T = 406.0 - 0.551 (Aw) (8 ) .  

Exact peak positionxand linewidths are determined using 
the sideband technique (7). This technique may also be used 
to calibrate the chan paper. Typical full scale spectra obtained 
with s Perkin-Elmer R12 nmr soectromerer are shown in 
Figure 2. Figure 3 shows results at ;emperatures ranging from 
259-368°K. These results were obtained with the spectrom- 
eter set on the 50 Hz scale. 

The data are divided into three groups corresponding to 
slow exchange and intermediate exchange, coalescence tem- 
perature, and fast exchange. Then eqns. (7) through (12) are 
used to calculate k (Table 1). Figure 4 shows a plot of log k 
versus ( T  (OK))-'. The slope of this plot yields avalue for the 
activation energy. Using values of k extending over the entire 
temperature range, 279-485OK, E,  was found to  he 14 kcall 

Table 1. Typical Values fork 

Flgure 2. (A) NMR spectrum of N,Ndimethylacetamide. 15% in carbon tetra- 
chiwide (2lbTMS). (8) W R  specbwn at aoetyl dwtwated N,Ndimethybcet- 
amide, 15% in carbon tetrachloride (2% TMS). 
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Figwe 3. Effect of temperature on line shapes and values fork, the exchange 
rate for the two Kmethyl groups. 

 able 2. Comparison to Values of Reeves. et al. 191 

This study Reeves et al. 191 

Q See Discussion Section 

mole. Eliminating values fork a t  the two lowest temperatures 
vielded a value for E.  = 17 kcallmole. in much better aaree- 
kent  with the 16.8 kdallmole determined by Reeves et 2. (91 
in an identical studv. The ouanritv. X I ,  is obtained from a 
plot of log (klT) versus ~ - ' . ~ r o m  ;dues for E, and AGt, AHt 
and AS' can he evaluated. See Table 2 for a comparison of the 
results of this study with the values obtained by Reeves et  al. 
(9 ) .  

Discussion 
Amides are the simplest model compounds for the peptide 

bond in nroteins. The conformation of the oentide bond nlavs ~~~~~~ ~ . . . " 

an important role in determining the backbone structure of 
nroteins (101. X-Rav crvstdlorrar~hic resulw indicate that the 
trans codfi&rationU(1f) is the piedominant form in amides, 
polypeptides, and proteins. However, recent work has shown 

o Reeves eta/ (8) 
0 this experiment 

Figwe 4. Log kversus 1031T(aKI 

Figwe 5. (A) Sigm4mnding skeleton f a  peptide group. (8) Pidonding molecular 
orbital for peptide group. 

that the cis form does occur in some proteins and polypeptides 
1721. ,--,- 

The planarity of the peptide bond originates from the de- 
localization of the carbonyl electrons and two resonance 
structures, (I) and (II), can be drawn 

Alternatively, the origin of this rotational barrier can be 
viewed in terms of molecular orbital theory. After constructing 
the sigma bonding skeleton, the carbon, nitrogen, and oxygen 
atoms each have a p orbital "left over." (See Figure 5A.) One 
possible linear combination of these p orbitals leads to  a T 

bonding molecular orbital which extends over the three atoms, 
Figure 58. 

If the -N(CH& moiety rotates freely, we would expect the 
complete nmr spectrum of NNDMA to consist of two singlets, 
with an intensity ratio of 2 1  (2 methyls on nitrogen, 1 methyl 
on the carhonyl carbon). The nmr spectrum shown in Figure 
2A is thus not consistent with free rotation about the peptide 
bond. Instead of one peak a t  3 ppm and one a t  2 ppm, there 
are two peaks a t  -3 ppm in addition to  the one a t  2 ppm. This 
is thought to result from the two -N-CH3 groups being in 
magnetically nonequivalent environments. One methyl group 
is cis to the carbonyl bond and the other is cis to the acetyl 
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methyl group. The upfield resonance a t  -3 ppm is assigned 
to the -NCH. eroun cis to the acetvl methvl: the downfield 
resonance a t  -%-pp& is assigned to the - N ~ H ~  group cis to 
the carbonvl bond. The 2 oom resonance is assiened to the . . 
acetyl metcyl protons. 

" 

The effects of the rotational barrier. i.e. different maenetic 
environments for the two N-methyl &oups, ohserved at low 
temoeratures (Fie. 3) vanish at  hieher temoeratures. The rate 
of exchange between the two magnetic envkonments increases 
as the temperature is increased. The lifetime of each state thus 
decreases and hence the absorption peak is hroadened. At 
temperatures below the coalescence temperature few mole- 
cules have sufficient energy to overcome the barrier to rota- 
tion. However. a t  temoeratures ereater than the coalescence 
temperature, &any molecules h&e sufficient thermal energy 
to overcome the barrier and therefore rotation occurs. Thus 
there is no longer a preferred configuration (cis or trans) and 
the soectrum is the sinale line characteristic of free rotation 
aboui abingle bond. ~ u k h e r  increases in temperature cause 
the line to narrow. 

Our results are in good agreement with those of Reeves et  
al. (9). One experimental difficulty plagued our attempts to 
accurately determine k a t  low temperatures (<288'K). A 
significant amount of drift was noted as the doublet was re- 
corded at  these temperatures, thus introducing an indeter- 
minate uncertainty in hoth the linewidths and peak separa- 
tions. Elimination of the two values for k at  279°K and 288°K 
resulted in marked improvement in the value for E, which 
increased from 14 to 17 kcallmole. The drift could be elimi- 
nated by using an instrument provided with a locking 
mode. 

To avoid the effects of coupling between the trans N-methyl 
group and the acetyl methyl group, linewidth measurements 
were made on the cis peak only. This coupling effect can be 
almost completely eliminated by studying the acetyl deuter- 
ated analog of NNDMA, because proton-deuterium coupling 
is markedly smaller than proton-proton coupling (13). 

(Compare the peaks centered a t  -3 ppm in Fig. 2A and 
ZB.) 
Related Projects 

The magnitude of the rotational barrier in NNDMA has 
been shown to be both solvent and concentration dependent. 
At high concentrations and in the presence of polar solvents, 
molecular comolex formation leads to  values for E, signifi- 
cantly greater than 17 kcal/mole ( 1 4 ) .  

The snme of this exoerimenl can be broadend hy including 
the synthesis and pu;ification (15) of the acetyl deuterated 
analoe of NNDMA. As such it would be an experiment suit- 
able for project-type laboratories currently in vogue. Infrared 
soectroscopv (161 and dielcctric studies (17) can also sup- 
ilement th;nmr results. 
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Rate Processes and Nuclear Magnetic Resonance Spectra. II. Hindered Internal 
Rotation of Amides* 

H. S. GUTOWSKY AND C. H. Hou.q 
Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois 

(Received January 30, 1956) 

Mat~ematical methods are presented for calculating rate constants of processes which narrow nuclear 
magnetlc resonance absorption lines having discrete components. High resolution proton spectra show that 
the RICO-NR2Ra skeletons of N,N-dimethylformamide (DMF) and N,N-dimethylacetamide (DMA) are 
pl~~ar an~ suggest th~t N-me~hylformamide, N-methylacetamide, N-methylformanilide and N-methylacet­
amlide eXist predommantly m one configuration. The presence of a significant amount of double bond 
chara.cter in t.he C-N amide bond is proved by the temperature dependent coalescence observed for the 
chemically shifted pro~on doublet of the N(CHah groups in DMF and DMA, which gives values of about 
22 and 19 kcal respectively for the free energy of activation required for reorientations about the bond. 

I. INTRODUCTION 

M OST characteristics of nuclear magnetic resonance 
spectral are influenced to some extent by the 

various motions of the molecules, ions or atoms con­
taining, or in the vicinity of, the nuclei observed. These 
effects provide several methods of studying a wide 
range of kinetic phenomena. Bloombergen, Purcell, and 
Pound2 (BPP) made the first extensive theoretical 
and experimental analysis demonstrating the im­
portance of "lattice motions" as a mechanism for 
spin-lattice relaxation and for narrowing the absorption 
lines. This article is concerned with a line narrowing 
phenomenon differing superficially from that described 
by BPP2 but identical in principle; both belong to a 
general class containing a number of such effects. 

In the case investigated by BPP the widths and 
structure of the absorption line were determined 
directly by the local magnetic dipole fields of the 
magnetic nuclei. The dipole fields depend upon the 
direction and distance of the observed nuclei from the 
neighboring dipoles; and it is this dependence which 
leads to the motional effects, as may be seen from the 
following qualitative argument. Suppose two nuclei 
have Larmor precessional and resonance frequencies 
differing by Llp because of differences in the local 
dipole fields. If the nuclei are precessing in phase at a 
given instant they will be 1800 out of phase (tLlp) sec 
later. However, if the local fields change during this 
time, then the rate of getting out of phase changes and 
the difference in precessional and resonance frequency 
is modified. The spectrum of the dipole fields is sym­
metric, with negative as well as positive values, so the 
lattice motions will reduce the effective dipolar splitting 
or broadening, providing the frequency of the motions 
is comparable to the frequency equivalent of the 
perturbation to be reduced. The detailed analysis of 

* Supported by the U. S. Office of Naval Research. 
t.Pres~ntly at the Shell Development Company, Emeryville, 

Califorma. 
I.E. ~. Andrew, Nuc,zear Magnetic Resonance (Cambridge 

Umverslty Press, Cambndge, 1955), gives a general introduction 
to the field. 

2 Bloombergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948). 

this motional narrowing2 is complicated by the con­
tinuous character of the local field spectrum. 

Similar arguments apply to other perturbations which 
are time dependent. A motional model was proposed 
to account for the absence in certain liquids of the 
multiple NMR spectra produced by the local magnetic 
fields from electrons polarized by magnetic nuclei.a In 
this case, the resonance absorption of one group of 
nuclei is split into discrete components depending on 
the spin coordinates of a second group of nuclei in the 
same molecule. Fluctuations in the spin coordinates of 
one group, if fast enough, will average out the splitting 
and narrow the resonance of the second group to a 
single line. Ogg has reported4,. several instances in 
which such a transition from a multiple to a single 
resonance can be effected by adjusting the chemical 
exchange rate of one of the interacting groups. Estimates 
of specific rate constants for the exchange were made5 

by applying the qualitative criterion outlined above to 
the conditions under which the transitions occurred. 
In a related experiment, an rf field at the resonance 
frequency can be used to change "artifically" the spin 
coordinates of one group of nuclei at a known and 
adjustable rate while observing the mUltiplet resonance 
of the other group. Multiplet resonances have been 
observed to coalesce in a predictable manner in such 
experiments,6 which differ from the "naturally 
occurring" processes such as chemical exchange in that 
the latter produce random rather than coherent 
fluctuations in the spin coordinates. 

In this paper we are concerned primarily with 
differences in the local magnetic fields and resonance 
positions produced by chemical differences in the 
magnetic shielding of nuclei in different electronic 
environments, which also can be averaged by the 
proper rate processes. 7 This case is equivalent to that 
of the multiplets. In the first paper of this series,1 the 

(1~~W~owskY, McCall, and Slichter, J. Chern. Phys. 21, 279 

4 R. A. Ogg, Jr., J. Chern. Phys. 22, 560 (1954). 
DR. A. Ogg, Jr., Discussions Faraday Soc. 17, 215 (1954). 
6 A. L. Bloom and J. N. Shoo]ery, Phys. Rev. 97, 1261 (1955). 
7 H. S. Gutowsky and A. Saika, J. Chern. Phys. 21, i088 (1953). 
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RATE PROCESSES AND NMR SPECTRA 1229 

theory developed for the multiplets was used to interpret 
the single proton resonance lines with concentration 
dependent positions resulting from proton exchange 
among the various chemical species in aqueous solutions 
of HNOa, H 2S04 and others. Line shapes were computed 
for several exchange rates in the transition region and 
it was pointed out that rate constants could be calcu­
lated directly from observations of such line shapes. 
Details of these calculations are given here, and the 
methods are used to analyze the proton spectra ob­
served for several amides, yielding numerical values for 
the rate at which internal molecular reorientations take 
place about the C- N bond in N,N-dimethylformamide 
and N ,N -dimethylacetamide. 

II. MATHEMATICAL METHODS 

Our starting point is very nearly the model used 
previously. 7 More general theories of motional effects 
have since been developed. 8,9 However, the analysis3 

based on the Bloch equations1o is much simpler yet 
entirely adequate for handling most cases of immediate 
chemical interest. We consider a liquid in which there 
is negligible dipolar broadening of a proton (or other) 
resonance because of motional narrowing, but in which 
there are sites with different local fields giving a 
resonance with two components A and B shifted by 
+ow/2 and -ow/2from their average angular frequency. 
The relative intensities of these components are directly 
proportional to the proton fractions PA and PB con­
tributing to each component. 

The process in question interchanges protons between 
sites A and B, so if the protons N A and N B at each site 
are labeled N A* and N B* at some instant 

where kAPA=kBPB. The average lifetime of protons at 
each site is therefore 

where T= TAT B/ (T A + T B)' The proton absorption line 
shape is described by the imaginary part of the total rf 
nuclear magnetization of the two states. When averaged 
over the proton interchange, the total magnetization 
M is that given by Eq. (18) of reference 7, 

iw1Mo[( TA+TB)+T ATB'(aAPB+aBPA)] 
M (3) 

where WI describes the applied rf field, Mo is the static 
nuclear magnetization at thermal equilibrium, 
while aA= (1/T2)-i(Dow+ow/2) and aB= (1/T2) 

-i(Dow-ow/2). This assumes the resonance absorption 
is plotted at a constant static magnetic field as a 

8 P. W. Anderson, J. Phys, Soc. Japan 9, 316 (1954). 
9 R, Kubo, J. Phys, Soc. Japan 9, 935 (1954), 
10 F. Bloch, Phys. Rev. 70,460 (1946). 

function of the different Dow between the applied 
radiofrequency and the frequency at the center of the 
two resonance components. T2 is related to the line 
width. In the absence of exchange effects or overlap 
of the components Dow! the width of each component at 
half-maximum is 2/T2 ; this includes all contributions 
to the line width such as field inhomogeneities and 
implies a Lorentzian line shape. ow is the separation of 
the components assuming no exchange and no overlap 
of the components. 

Expanding Eq. (3) and retaining only the imaginary 
part v, we find 

where 

V=---------

p= T[ (1/T22)- (DoW)2+ (OW/2)2]+ l/T2 

Q=T[Dow- (OW/2)(pA - PB)] 

R= Dow[l + (2T/T2)]+ (ow/2) (pA - PB). 

(4) 

Experimentally, the separation of the two components 
is measured and from such values we wish to find T. 

The positions of the two components and their de­
pendence on T are given by the maxima of Eq. (4), 
which can be located by solving the fifth order equation 
obtaining upon differentiating v with respect to Dow. 
For the case of immediate interest, PA = P B, T A = T B= 2T, 
and the result is 

where 

One solution of Eq. (5) is always at Dow = 0, which 
corresponds to either a minimum or a maximum 
depending on whether T is long or short. 

If the line widths (",,1/T2) are small compared to the 
separation ow (i.e., if T 20w is large), the terms in T2 in 
Eq. (5) can be neglected; the observed separation is not 
influenced by overlap of the components and depends 
only on T. This gives the particularly simple result that 
OWe, the experimentally observed separation, is 

owe= 2Dow= (1- 2/ T20W2) low if TOw>V2, 
and (6) 

OWe=O if TOw~V2. 

This simple result for the limiting case is the same as 
Eq. (60) of reference 8. The general nonzero solution 
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FIG. 1. The separation, owo, of two equally intense resonance 
components, relative to OW, as a function of exchange rate, 1/rOw, 
for several values of T 20w. The separation between the components 
in the absence of exchange, with no overlap of the components, 
is!ow. 

of Eq. (5), which includes the effects of overlap is 

(7) 

The dependence of OWe on rand T2 has been computed 
using Eqs. (6) and (7); the results are shown in Fig. 1 
which gives plots of the positions of the components, 
relative to OW, as a function of l/row for several values 
of l/T ~w. The curves in this figure show the coalescence 
of the two components as the exchange time decreases. 

The curves in Fig. 1 also show that if 1/T2ow is 
greater than about t, overlap of the components 
reduces their apparent separations by an appreciable 
amount. This means that the limiting value of OWe, 
when the exchange is slow, does not equal ow. This 
overlap effect was important in the study of the amides. 
If we let ow'" be the observed separation of the com­
ponents as r----+ OO , we find from Eq. (7) that the true 
limiting separation, OW, is given by 

where ow",=2Llw"" In practice T2 was found by measur­
ing the line width under conditions such that the 
resonance components had coalesced to a single line 
(r----+O), while ow", was the limiting separation observed 
for long exchange lifetimes (r----+oo). ow can be calculated 
with Eq. (8) from the experimental ow", and T2 values, 
or obtained from the graph of ow/ow", as a function of 
2/T~w", in Fig. 2. For all practical cases 2/T2ow", will 

not exceed the value one. The experimental values of 
the separation of the components, OWe, in the transition 
region can be applied to Fig. 1 and the values of 
l/row read off from the curve for the proper 1/T2ow 
value. Figure 1 gives a good representation of the 
actual coalescence of the resonance components, but 
it is not very satisfactory for interpolating for different 
values of 1/T2ow. Figure 3 gives plots of 1/T2ow versus 
1/ r20w for various values of OWe/OW; and 1/ r20W is more 
readily obtained from this figure. Equation (8) is a 
general form and can be applied to any pair of equally 
intense spectral lines with Lorentzian shapes to correct 
for overlap, provided of course the T 2 is known or can 
be estimated for the components. 

The above analysis assumes that the exchange rate 
does not influence T 2• This mayor may not be true 
depending on the system and experimental conditions. 
For the results reported in this work the exchange rate 
was varied by changing the temperature and strictly 
speaking the temperature dependence1,1l of T2 should 
be included. However, the line widths in the absence 
of exchange effects were most likely due mainly to 
inhomogeneities in the magnetic field so any tempera­
ture dependence of the effective T2 was slight. 

III. RESULTS AND DISCUSSION 

Experimental Procedure 

The high resolution NMR spectrometer and experi­
mental techniques used in these experiments have been 
described previously,12 except for certain modifications. 
A new field sweep system incorporates a well regulated 
saw tooth generator (non-linearity <1%), with an 
adjustable period from 0.1 to 100 sec, which is connected 
to two 1000 turn coils mounted about the pole caps 
and produces sweep fields from 2 to 1500 milligauss. 
Spectra can be recorded automatically by means of a 
dc amplifier driving a Sanborn Model 127 Oscillograph. 
A thermally insulated box has been placed about the 
permanent magnet and the temperature of the in-

1.12 

1I0 

1.04 

1.02 

1.001-----

o 1.0 1.2 

FIG. 2. The effect 
of overlap of two 
equally intense reso­
nance components 
on their apparent 
separation, as a func­
tion of line width 
2/T2• The observed 
separation is ow~ 
while the separation 
corrected for overlap 
is ow. 

II R. Kubo and K. Tomita, J. Phys. Soc. Japan 9, 888 (1954). 
12 Gutowsky, Meyer, and McClure, Rev. Sci. Instr. 24, 644 

(1953). 
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FIG. 3. A plot of Eq. (7), in a form different from Fig. 1, to 
permit easier interpolation in determining values of 1/row from 
experimental observations of ow,low. 

closure regulated in order to mInImIZe drifts in the 
magnetic field with changes in room temperature. 

The samples used in the studies of temperature 
effects were contained in melting point tubes (1.5 mm 
ID and 2 mm OD) and the sample volume in the rf 
coil was about 0.01 cm3• Larger samples, "'0.03 cm3, 

were used in obtaining the room temperature spectra. 
The samples themselves were Eastman Kodak Co. 
white label grade chemicals, except for the N-methyl 
formamide (nD20= 1.4300) which was very kindly 
synthesized and provided for us by Mr. R. A. Vierling 
and Dr. C. S. Marvel. A simple air driven device was 
used to spin the samples as a means of averaging out 
inhomogeneities in the applied field and improving 
resolutionY 

The temperature of the sample was controlled by 
putting the entire rf probe into a Dewar vessel in the 
magnet gap, with a Styrafoam plug as insulation at the 
top of the Dewar. The outer part of the probe is a 
copper box into the bottom of which a copper rod is 
screwed; a heating coil of Teflon coated copper wire is 
wound non-inductively about the rod. The copper box 
serves both as an rf shield and also as a means of 
maintaining a uniform temperature throughout the 
probe. The temperature of the probe was measured 
with a copper-constantan thermocouple; this gave the 
temperature of the sample to within ± 1°, sufficient for 
the present purpose. Temperatures below that of the 
room were obtained by placing dry ice or liquid nitrogen 
in the bottom of the Dewar. 

13 Bloch, Anderson, and Arnold, Phys. Rev. 94, 496 (1954). 
An earlier experiment using spinning sample techniques has been 
described by H. Y. Carr, Ph.D Thesis, Free Precession Tech­
niques in Nuclear Magnetic Resonance (Harvard University, 
1952). 

N,N-Methylformamide and N,N-Methylacetamide 

The proton magnetic resonance spectra of several 
substituted amides at room temperature are given in 
Fig. 4. The structural formula that has usually been 
used for these compounds is (I), 

RI R2 '" / C-N 

/' '" o R3 
(I) 

but it was postulated by Paulingl4 that form (II), with 
a nitrogen-carbon double bond rather than a single 
bond makes a significant contribution to the actual 
electronic structure of the compounds. The various 
components in the observed spectra are readily assigned 
to the particular substituents on the basis of relative 
intensities and the known chemical shift values charac­
teristic of the substituents.15 In N,N-dimethyl­
formamide (DMF) the weak single component at a 0 
of +0.29 is assigned to the proton (R1) in the HCO­
group while the much stronger absorption at -0.22 
corresponds in position to N - CH3 groups in other 
compounds. The main point of interest is the doublet 
structure in this region which must be due to a non­
equivalence of the two CH3 groups (R2 and R3). This 
doublet was apparently first observed by Meyer 

HCONHCH3 

NMFA 

NMAA 

-0.4 0.4 

FIG. 4. Proton magnetic resonance spectra recorded at 29°C, as 
a function of applied magnetic field, at a fixed frequency of 
17.735 Mc. (, is defined as 106 (Hr-H,)IHr with H 20 the reference 
compound. The total sweep is 40.7 milligauss; the sweep period, 
21 sec. The N-methylacetanilide (NMAA) was a saturated 
solution in benzene; all other samples were the pure liquids. 

14 L. Pauling, The Nature of the Chemical Bond (Cornell 
University Press, Ithaca, New York, 1948), 2nd Edition,p. 207. 

15 Meyer, Saika, and Gutowsky, J. Am. Chern. Soc. 75, 4567 
(1953). 
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TABLE I. Temperature dependence of l/row. 

N ,N -dimethylformamide N ,N -dimethylacetamide 
ow, Ihow 

TOK radian sec-1 radian-1 
ow, l/Tow 

TOK radian sec-1 radian-1 

236 20.1±0.3" 0.OO±0.03b 249 24.4±0.9" O.OO±O.l b 

322.5 19.2±0.9 0.08±0.04 293 23.7±0.7 0.08±0.07 
325 18.5±1.2 0.11±0.04 303 22.8±0.9 0.14±0.07 
344 17.3±0.6 0.17±0.03 307 21.9±1.1 0.19±0.07 
347 16.6±1.2 0.20±0.03 310.5 21.7±0.9 0.20±0.06 
354.5 15.4±0.6 0.24±0.02 313 20.4±0.9 0.25±0.04 
359 13.8±0.6 0.29±0.01 316.5 17.5±0.7 0.34±0.03 
360.5 15.4±0.6 0.24±0.02 319.7 15.4±0.9 0.39±0.03 
362.5 13.2±0.3 0.30±0.01 321.2 13.4±1.3 0.43±0.03 
367 12.6±0.6 0.32±0.01 322.5 9.8±0.7 0.48±0.01 
369 11.9±0.6 0.33±0.01 

" The error given is the standard deviation from the average of about 
ten measurements. 

b The error in 1/ TOW is obtained from Fig. 3 using the efror given for awe. 

although it was not explicitly reported in the summary 
of his results.15 

If the doublet were a result of electronic coupling of 
the CRa group protons with the RCO-proton, the 
resonance of the latter would be a multiplet, which is 
not the case. Moreover, N,N-dimethylacetamide 
(DMA) in which Rl is itself a CRa group has a similar 
doublet, as shown in Fig. 4, while a quartet would be 
predicted for the electronic coupling mechanism. So we 
assign the doublets in both DMF and DMA to a 
chemical shift in the resonance positions of protons in 
the two methyl groups. This assignment was confirmed 
by measuring the separation of the doublet at 6300 
gauss as well as at 4165 gauss; the separation in milli­
gauss was proportional to the field, whereas a multiplet 
splitting would have been field independent.a The 
chemical shifts originate in differences in electronic 
environment of the nuclei, and in DMF and DMA 
such differences will occur if the double bonded form 
(II) makes a significant contribution to the structure of 
the amides. In this event the skeleton of the molecule is 
coplanar, one of the CRa groups (R 2) is trans and the 
other (Ra) is cis to the oxygen atom. The double bond 
character provides a potential barrier to reorientations 
about the C- N bond, and as reported qualitatively by 
Phillips16 the hindrace to such internal rotation must be 
"high" in order that the reorientation rate be too slow 
at room temperature to average out the small resonance 
shift between the two methyl groupsP 

At higher temperatures the rate of reorientation 
increases and, as shown in Fig. 5 for DMA, the doublet 
coalesces to give a single line. Table I summarizes the 
experimentally observed doublet separations OWe as a 
function of temperature for DMF and DMA and also 
gives the values of l/row calculated from these obser­
vations using the methods of Sec. II. The experimental 
values of T2 and ow"" applying to these calculations are 

16 W. D. Phillips, J. Chern. Phys. 23, 1363 (1955). 
17 A preliminary estimate, based on our work, of 15 kcal for the 

barrier was reported at the April, 1955, Discussion of the Faraday 
Society [19, 247 (1955)J, assuming a normal frequency factor 
for the rate process. 

in Table II along with the value for ow calculated from 
OW""' and also the temperature Teat which the com­
ponents were observed to coalesce. In practice the 
measurements at various temperatures for a given 
sample were made by holding constant the field sweep 
amplitude, sweep rate, recorder speed and position of 
the sample in the magnetic field, throughout a run. All 
parameters in the calculation of 1/ TOW are dimensionless, 
so the line widths (T2) and separations were measured 
in units of centimeters on the recorder paper. A cali­
bration was made for each run, relating chart distance 
to field sweep, in order to obtain ow in radian sec1 and 
calcula te T in sec. 

If the reorientations can be treated as a typical rate 
process, their temperature dependence should be of the 
form 

k= Po exp(-Ea/RT), (9) 

where k is the reorientation rate constant; Po is a 
frequency factor; and the activation energy Ea is the 
potential barrier hindering the internal rotation. 
Equation (2) gives k= 1/2T, so Eq. (9) can be rewritten 
as 

10glo(1/ TOW) = loglo(2p%w) - Ea/2.3RT. (10) 

The data of Table I are plotted in Fig. 6 as 10glo(1/Tow) 
versus l/T, giving points which are fitted reasonably 
well by Eq. (10). The values of Ea and Po which fit the 
data best are listed in Table II. The activation energies 
are 7±3 and 12±2 kcal mole-1 for DMF and DMA 
respectively. 

The errors were estimated by trial calculations with 
idealized data. For example, a 10% error in the value 
of T2, when carried through the calculations for a ow of 
about 20, introduces an error of approximately 1 kcal 
in Ea; whereas the same percentage error in OW"" gives 
a non-linear plot for Eq. (10) and the best straight line 
fit has an Ea about 5 kcal in error. So special care should 
be taken in measuring OW",. It should be noted that while 
the errors in measuring OWe are the order of 0.15 cps 
throughout, the resulting percentage error in deter­
mining 1/ TOW becomes very large when OWe approaches 
the limiting value OW"", In general, the errors in the final 
results of these experiments are quite large. One of the 
main reasons for this is the small value of ow. At higher 
magnetic fields ow would be proportionately larger, and 
more accurate results could be obtained providing the 
other experimental parameters were no worse. 

TABLE II. Summary of results for N,N-dimethylformamide 
and N ,N -dimethylacetamide. 

T2 sec oWY;) ow Tc Ea 
radian-1 radian sec-l radian sec-10K kcal 1'0 sec-1 

DMF 0.14±0.03 20.1 ±0.3 20.4±0.3 372" 7 ±3 10' to 10' 
DMA 0.18±0.04 24.4±0.9 24.6±J.l 325 12±2 10' to 10" 

• This is the temperature at which the doublet coalesces to a single line. 
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N -Metbylformamide and N -Methylacetamide 

Superficially, the spectra of these compounds, NMF 
and NMA in Fig. 4, are very similar to the spectra of 
DMF and DMA. The resonances of the N-methyl 
groups are split into doublets; however, the splitting 
was checked at 6300 gauss as well as at 4165 gauss and 
was found not to be proportional to the applied field. 
So the splitting is not a simple chemical shift but is 
caused by the indirect coupling3 of the N - H proton 
with the protons in the CH3 group. No resonance 
attributable to the N - H proton was found. In the 
parent compound formamide,16 HCONH2, the NH2 
and HCO- proton resonances at o's of 0.29 and 0.37 
are weak and broad at room temperature, about 3 
to 4 milligauss, perhaps because of molecular association 
and hydrogen bonding or due to unresolved chemical 
shifts and splittings. In the N-methyl derivatives the 
N - H resonance would be split into a quartet by 
coupling with the CH3 group protons with further 
splitting by the nitrogen nucleus possible, and this in 
addition to broadening by molecular association is a 
plausible explanation for not detecting the resonance. 

Phillips16 mentions observing single methyl proton 
resonances in the two N-methyl amides and concludes 
that only one of the two possible rotational isomers is 
present. In the sense that the doublets we find are not 
caused by a chemical shift, this conclusion is a reason­
able one. Mizushima18 has reported a detailed study of 
the infrared and Raman spectra of N-methylacetamide, 

FIG. 5. The proton mag­
netic resonance spectrum of 
N-methyl groups in N,N­
dimethylacetamide at sev­
eral temperatures. The 
spectra were recorded at a 
fixed frequency of 17.735 
Mc; the magnetic field 
sweep amplitude corre­
sponds to 19.5 cps. 

18 S. Mizushima, Structure of Molecules and Internal Rotation 
(Academic Press, Inc., New York, 1954), pp. 117-152. 
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FIG. 6. Temperature dependence of the reorientation rate 
constant (1/2r) for N,N-dimethylformamide (DMF) and N,N­
dimethylacetamide (DMA). The energy barriers to reorientation 
obtained from these plots are 7±3 and 12±2 kcal mole-1 for 
DMF and DMA respectively. 

from which it was concluded that almost all of the 
molecules are in the configuration with the N - H bond 
trans to the C-O. Arguments based on the proton 
spectra as to which is the stabler form appear to be 
rather indirect. However, it is clear that the form of the 
N-methylformamide is the same as that of the N­
methylacetamide. 

This is seen by comparing the spectra of the N-methyl 
amides with the N,N-dimethyl amides. For the latter, 
Fig. 4 shows that replacement of the HCO- group with 
CH3CO- produces no discernible shift in the N(CH3h 
group. Therefore, the chemical shift observed between 
the two CH3 groups on the nitrogen is due to a cis-trans 
difference in their interaction with the oxygen. On 
going from the N,N-dimethyl amides to the N-methyl 
amides there is a chemical shift of the N - CRa group 
resonance because the other CR3 group on the nitrogen 
is replaced with a hydrogen. However, the N - CRa 
resonance positions are the same in both N-methyl 
amides, so the configuration of the N - CRa group with 
respect to the oxygen must be the same in the two 
compounds. If the N-methylacetamide has a stable 
trans configuration, then so does the N-methyl­
formamide. 

Another interpretation of the present NMR data 
may be made. If the cis and trans forms were of about 
the same energy, and the barrier to reorientation were 
low enough, the internal reorientations could average 
out the chemical shift leaving the observed indirect 
spin-spin coupling. In this regard, it is of interest that 
preliminary experiments by A. Saika in this laboratory 
show that the doublet in our sample of N-methyl­
acetamide coalesces at about 160°C; this seems to be a 
result of chemical exchange because the doublet is also 
reduced to a single line at 29°C by the addition of RCI, 
but the details remain to be established. 
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N -Methylformanilide and N -Methylacetanilide 

The situation with this pair of compounds is identical 
with that of N-methylformamide and N-methyl­
acetamide except that there are no multiplets. However, 
whereas there is independent evidence supporting the 
existence of only one stable configuration for NMA, 
there appears to be none for either NMF A or NMAA. 
In addition, the phenyl group on the nitrogen in the 
latter compounds could compete with the oxygen for 
the unshared pair of electrons on the nitrogen, which 
would tend to decrease the double bond character of 
the C- N bond and promote more rapid reorientations. 

R CH3 R CH3 

'" +/ '" +/ C=N C-N / A/''' 
0- () 0 n 

If it is assumed that the interpretations based on the 
existence of only one configuration are correct, a lower 
limit can be set on the free energy difference between 
the cis and trans forms of NMF, NMA and NMFA. 
As a conservative estimate, 10% of a second form would 
have been detectable, giving 

K eq 2': 10 and I.1.Fo I 2': 1.4 kcal. 

General Comments 

The planar configurations found in this research for 
the R1CONR2Ra skeletons of DMF and DMA are 
consistent with the microwave results on formamide19 

and with the broad line proton magnetic resonance 
studies of solid urea,20 which have shown both molecules 
to be planar. It is clear that the oxygen of the amide 
group contributes a significant amount of double bond 
character to the C- N amide bond. The added stability 
afforded in this way should be closely related to the 
internal barrier to reorientation, because the transition 
state most likely involves the structure with a single 
C- N bond. Pauling estimated14 the resonance energy 

19 R. J. Kurland, J. Chern. Phys. 23, 2202 (1955). 
20 E. R. Andrew and D. Hyndman, Discussions Faraday Soc. 

19, 195 (1955). 

associated with the C- N double bond in amides to be 
about 21 kcal. This value compares favorably with the 
values of 22 and 19 kcal we find for the free energy of 
activation, .1.Ft, associated with the molecular re­
orientations in DMF and DMA. 

The activation energies and frequency factors differ 
markedly for DMF and DMA. DMF has a low acti­
vation energy and a low frequency factor while DMA 
has a higher activation energy and a much higher 
frequency factor. This is consistent with the elementary 
theory of absolute reaction rates, but the effect ob­
served is off by a few orders of magnitude. Equation (9) 
for the reorientation rate may be written as 

kr.JVt exp( - Ea/RT) (11) 

where the frequency factor is the internal torsional 
frequency Vt. Vt will be larger for a greater Ea, but for 
DMA it would be only about twice as great as for 
DMF, while the observed ratio is the order of 104. The 
uncertainty in the experimental values is large enough 
that further discussion of the matter seems unwarranted 
except to note that similar effects have been found and 
treated in detail for cis-trans isomerization reactions21 

which require reorientations about double bonds. 
Because of the importance of amides in biological 

systems and the general lack of quantitative data on 
the rigidity of the amide group, we are continuing these 
studies with the hope that better values can be obtained 
for DMF and DMA and that the effects of other 
substituents can be determined. 
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mixture was allowed to cool to room temperature and directly applied 
to a Sephadex G-25 gel filtration column and elluted with water. The 
desired metalloprotein complex was then separated from the small 
amounts of unreacted peptide using ion exchange chromatography on 
CM-Sephadex C-25 with a C-2 M NaCl salt gradient in 50 mM MES 
pH 6.5 buffer. Final purification as well as desalting was performed 
using RP HPLC to afford about 15 mg of the desired metalloprotein. 
Formation of the desired complex was established by FIB mass spec- 
troscopy m / z  = 5563 (Figure 5) and the following characteristic ultra- 
violet and visible absorption bands: A,,, (nm) 255, 300, and 470 br. 
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Abstract: The changes that occur during the rotation of the amino group of formamide have been studied in some detail. 
Geometry optimizations at the MP2/6-31G* level confirmed the relatively large increase in C-N bond length but small decrease 
in the C-0 length on going from the planar structure to the rotational transition state. A calculation of the force constants 
for formamide and for the transition state showed that the carbonyl force constant changed relatively little, but the C-N constant 
changed by about 30%. The path followed in the rotation was studied starting with the saddle point geometry and following 
it computationally down to the ground state. The geometrical changes are discussed. The electron populations were calculated 
for a number of structures along the reaction coordinate by numerical integration of the charge density within uniquely defined 
atomic volumes. The oxygen population was little affected by the rotation and the main charge shift was between carbon 
and nitrogen. The electrostatic potentials for the structures also were examined and converted to effective charges for spherically 
symmetrical atoms. All of the analyses indicated that essentially all of the interactions leading to the rotational barrier originate 
in the C-N bond and that the oxygen does not participate to a significant extent. The direction of the charge shift between 
C and N was in opposite directions for the electron populations derived by integration of the charge density, and by fitting 
the electrostatic potentials. However, this was due to the difference in the definition of the atoms, being anisotropic in the 
first case and spherically symmetrical in the second. All of the observations can be rationalized on the basis of the assumption 
that stabilization of the lone pair on nitrogen is the most important factor in determining both structures and energies. 

1. Introduction 
The amide group is one of the most important functional groups 

in chemistry. Its planarity and relatively high barrier to rotation 
about the C-N bond are important factors in determining the 
conformations of peptides and related compounds. Most of the 
properties of amides are readily rationalized by postulating amide 
resonance of the type 

0 
II Q 
II f-----t I 

H A N H ,  H A N H , ,  

Invocation of partial double bond character for the C-N bond 
allows one to account for the rotational barrier, since this pre- 
sumably stabilizing interaction would be last when the amino group 
is rotated by 90°. Similarly, planarity of the amino group would 
be required in order to achieve a maximum resonance interaction. 
Addition of a nucleophile to the carbonyl group would result in 
loss of the resonance interaction, and so one would correctly predict 
that these additions would be unfavorable. The resonance in- 
teraction model also provides a convenient explanation for the 
observed stabilization achieved by the combination of an amino 

‘Present address: Department of Chemistry, Rensselaer Polytechnic In- 
stitute, Troy, NY 12180. 

0002-786319211514-831$03.00/0 

group and a carbonyl group. The magnitude of this interaction 
can be estimated from the following hypothetical reaction 
(kcal/mol)’ 

0 CH3 0 ’ -  + CH,-CH, HAC,, + CH3’ N ‘CH3 H K N ( C M  

AHr = -39.37 AHi = -5.67 AHf = -45.8 AHf = -20.24 

AAH = -21 .O kcal/mol 

The energy change is close to that for the rotational barrier, 
indicating that the corresponding reaction forming the 90” rotated 
structure would be close to thermoneutral. 

Despite the success of the above resonance picture in explaining 
a large body of data, there are some observations which cast doubt 
on this simple interpretation. In an earlier investigation of the 
rotational barrier in formamide, in which the observed barrier 
was successfully reproduced via ab initio molecular orbital cal- 
culations using the 6-31G** basis set, the changes in electron 
population and structure on rotation were found not to be. in accord 
with an electron donation from the amino group to the carbonyl 

(1) Cox, J. D.; Pilcher, G. Thermochemistry of Organic and Organo- 
metallic Compounds; Academic Press: New York, 1970. 

0 1992 American Chemical Society 



832 J.  Am. Chem. SOC., Vol. 114, No. 3, 1992 Wiberg and Breneman 

Table I. Structural Parameters of Formamide Conformers" 
planar 90° structure (A) 270' structure (B) 

parameter HF MP2 obs4 HF MP2 HF MP2 
energy (6-31G1) -168.93070 -169.40538 -168.90569 -169.37878 -168.901 14 -169.37462 
AE (kcal/mol) 0.0 0.0 15.69 16.69 18.55 19.30 
energy (6-31G1*) -168.94048 -168.915 10 -168.91072 
AE (kcal/mol) 0.0 15.98 18.67 

1.1927 1.2238 1.219 1.1832 1.2169 1.1789 1.2124 
1.3489 1.3606 1.360 1.4273 1.442 1 1.4230 1.4368 
1.0910 1.1046 1.098 1.0876 1.1004 1.0943 1.1090 

0.9929c 1.0084' 1.002 
0.9957' 1.0107' 1.002 1.0055 1.0225 1.0046 1.0220 

LNC-O 124.95 124.73 124.5 125.05 125.38 123.27 122.83 
LHC-N 1 12.66 112.37 112.7 113.48 113.06 116.39 116.71 
LC-N-H 1 19.33' 1 18.95b 118.8 108.48 107.24 106.78 108.35 

121.79' 121.83c 121.4 

0.0 0.0 0.0 57.06 55.74 121.71 123.27 

"Total energies are in hartrees, bond lengths in A, and bond angles in deg. Geometries were determined using the H F / 6 - 7 5 *  method except 
where noted. ' Hydrogen eclipsed with carbonyl. Hydrogen eclipsed with aldehyde hydrogen. dO==C-N-H torsional angle. 

oxygen? First, it was found that whereas the C-N bond increased 
in length by 0.08 A on a 90' rotation, the carbonyl bond length 
decreased by only 0.01 A (Table I). If the resonance model were 
really descriptive, one might have expected a more equal change 
in bond lengths. Second, the integrated electron population3 at  
the nitrogen was found to be greater in the lower energy planar 
form than in either of the rotated saddle point structures.2 The 
electrons were taken from the carbon, and the electron population 
at the carbonyl oxygen was almost unchanged during the rotation. 
Here, the direction of the charge shift is opposite to that expected 
from the resonance formulation, and the oxygen does not appear 
to be significantly affected by the rotation. 

2. Structural Data 
Before proceeding to an interpretation of the origin of the 

properties of formamide, it appeared necessary to be sure that 
the calculated structural changes on rotation were correct. It is 
possible (although unlikely) that they were an artifact resulting 
from the use of an RHF treatment. In order to see whether or 
not correction for electron correlation would affect the calculated 
structural changes, we have carried out geometry optimizations 
a t  the MP2/6-31G* level which has been found to give bond 
lengths and angles that are in very good agreement with exper- 
imental data.4 The structural parameters for formamide and the 
saddle point rotamers A and B are compared with the RHF results 
and the experimental data in Table I. It can be seen that although 
the bond lengths increase somewhat on correction for electron 
correlation, the difference in the calculated changes in C-N and 
C-O bond lengths persists. Again, it appears that the main 
changes are in the C-N bond and that the C-O bond is relatively 
unaffected by rotation. 

h 0 

A B 

The calculated barrier height a t  the MP2/6-31G* level (16.7 
kcal/mol) is in good agreement with the experimental barrier 
(18-19 kcal/mol).s 

Information has been obtained on the geometrical changes that 
occur for formamide vibrationally excited for the C N  bond ro- 

(2) Wiberg, K. B.; Laidig, K. E. J .  Am. Chem. SOC. 1987, 109, 5935. 
(3) (a) Bader, R. F. W. Acc. Chem. Res. 1985, 18, 9. (b) Bader, R. F. 

W. Atoms in Molecules: A Quantum Theory; Oxford University Press: 
Oxford, 1990. 

(4) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio 
Molecular Orbital Theory; Wiley: New York, 1986; Chapter 6. 

(5) Sunner, B.; Piette, L. H.; Schneider, W. G .  Can. J .  Chem. 1960, 38, 
681. Kamei, H. Bull. Chem. Soc. Jpn. 1968, 41, 2269. Drakenberg, T.; 
Forsen, S .  J .  Phys. Chem. 1970, 74, 1. 

Table 11. Some Significant Force Constants (mdyn/A) in 
Formamide Conformers 

90° 270° 
structure structure 

force constant planar (A) (B) 
C-N stretch 8.22 6.15 6.20 
C = O  stretch 15.80 16.95 17.30 
C=O/C-N interaction 1.59 1.01 1 .oo 

tation, and they involve significant stretching of the CN bond and 
a decrease in H N H  angles? as has been found in the above 
calculations. Structural data for amides that are prevented from 
achieving planarity because of geometrical constraints have re- 
cently been reported.' In both cases, the C N  bond was found 
to have lengthened without much of a change in the CO bond 
length. Thus, these data are in very good accord with the theo- 
retical predictions. 

3. Vibrational Spectrum 
It is well-established that the rotation of the amino group of 

an amide leads to a significant change in the carbonyl stretching 
frequency.8 This increase in frequency could be caused by either 
a change in the carbonyl stretching force constant or a change 
in the interaction between the carbonyl group and other groups 
such as the C-N bond. Since the magnitude of a stretching force 
constant can, in a qualitative sense, be related to the strength of 
a bond, any change in bond order which occurs during rotation 
about the C-N bond should be reflected in the calculated force 
constants. In order to explore this problem, we have investigated 
the infrared spectrum of formamide. Since it is not possible to 
observe the spectrum of the saddle point conformers A and B, 
it was necessary to make use of theoretical calculations in order 
to obtain the desired information. 

The HF/6-31G* frequency calculations lead to force constants 
that are about 20% too large because the theoretical geometry 
has bond lengths that are somewhat too short and the observed 
vibrational frequencies are for anharmonic vibrations whereas the 
theoretical force constants and are for harmonic vibrations which 
have a higher frequency. Nevertheless, it is generally found that 
the force constants for corresponding modes are overestimated 
by essentially the same amount? and so the calculated values may 
usefully be compared. The force constants of interest are those 

(6) Brown, R. D.; Godfrey, P. D.; KleiMmer, B. J.  Mol. Strucr. 1987, 124, 
34. 

(7) Bennet, A. J.; Wang, Q.-P.; Slebocka-Tilk, H.; Somayaji, V.; Brown, 
R. S.; Santarsiero, B. D. J .  Am. Chem. SOC. 1990, 112, 6383. Shea, K. J.; 
Lease, T. G.; Ziller, J. W. J .  Am. Chem. SOC. 1990, 112, 8627. 

(8) Greenberg, A. In Structure and Reactiuify; Liebman, J. F., Greenberg, 
A., Eds.; VCH Publishers: New York, 1988. 

(9) Sellers, H.; Pulay, P.; Boggs, J. E. J .  Am. Chem. Soc. 1985,107,6487. 
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Table 111. Calculated and Experimental Vibrational Frequencies of 
Formamide (cm-I) 

90° 270° 
structure structure 

exptl" plana9 (Nb (Wb 
289 99 4441 3981 
565 544 565 595 
602 593 850 833 

1030 1021 904 836 
1059 1041 1068 1029 
1255 1213 1216 1213 
1378 1380 1363 1384 
1572 1575 1573 1583 
1734' I76F I 78aC 1816' 
2852 2923 2962 2880 
3451 3492 3362 3368 
3545 3614 3433 3440 

"Data from: Evans, J. C. J .  Chem. Phys. 1954, 22, 1228. King, S. 
T. J.  Phys. Chem. 1971, 75, 405. bCorrected by multiplying all values 
under 2000 cm-' by 0.88 and all those over 2000 cm-' by 0.91. 

involving the C, N,  and 0, and they are summarized in Table 11. 
It can be seen that the carbonyl stretching force constant does 
not change much and the major changes are found with the C-N 
stretching force constant and the C--V/C-N interaction con- 
stant. The carbonyl force constant for rotamer A is close to that 
calculated for acetaldehyde using the same basis set (16.58 
mdyn/A).'O The CO force constant decreases only by 7% on 
going to the planar form, whereas the C N  constant increases by 
32%. 

In using theoretically calculated force constants, it has been 
found that a simple scaling scheme normally reproduces the ex- 
perimental frequencies with a root-mean-square error of only about 
25 cm-'.I1 The application of these scaling factors leads to the 
scaled frequencies that are given together with the observed values 
in Table 111. Except for the lowest frequency band, there is quite 
good agreement. This low-energy band corresponds to an N H 2  
wagging mode which is known to have positive anharmonicity 
resulting from a stiff quartic potential which is not represented 
in a harmonic frequency analysis.I2 

Analysis of the vibrational data given in part in Table I1 suggests 
that the increase in carbonyl stretching frequency in the rotated 
conformers arises from changes in the C = O  force constant and 
through the significant coupling interaction of the carbonyl stretch 
with the C-N bond stretching mode. The small change in the 
carbonyl stretching force constant upon rotation about C-N bond 
suggests that the nature of that bond is not largely affected, while 
the C-N bond becomes much softer in the transition structures. 
This is consistent with the large observed lengthening of the C-N 
bonds in structures A and B and the relatively insensitivity of the 
C=O bond length to the C-N bond changes. 

The carbonyl vibrational frequency was calculated to increase 
by 28 cm-' on going from the planar to the 90' rotated form (A) 
and by 56 cm-' in going to the 270° rotated form (B). These 
changes are consistent with the ca. 60 cm-' higher carbonyl 
stretching frequency seen in the twisted bridgehead lactam 1- 
azabicyclo[2.2.2]octan-2-one compared to open chain amides.' 

Even though the change in the carbonyl force constant is small, 
it actually predicts a somewhat greater change in the calculated 
difference in the harmonic carbonyl vibrational frequencies be- 
tween the planar and rotated conformers than is found. Conse- 
quently, the large C=O/C-N crw-term must also be taken into 

Carbonyl stretching mode. 

(10) Wiberg, K.  B.; Walters, V.; Colson, S. D. J .  Phys. Chem. 1984, 88, 
4723. 

(1 1 )  Vibrational frequencies calculated using the HF/6-31G8 level of 
theory compare very well with experimental values if all frequencies below 
2000 cm-' are scaled by 0.88 and all higher frequencies scaled by 0.91. Cf.: 
Wiberg, K. B.; Walters, V.; Colson, S. D. J .  Phys. Chem. 1984, 88, 4723. 
Wiberg, K. B.; Dempsey, R. C.; Wendoloski, J.  J. J .  Phys. Chem. 1984,88, 
5596. Wiberg, K. B.; Walters, V. A.; Wong, K. N.; Colson, S. D. J.  Phys. 
Chem. 1984,88,6067. 

(12) Hirota, E.; Sugisaki, R.; Nielsen, C. J.; Sorensen, G. 0. J.  Mol. 
Spectrosc. 1974, 49, 25 1 .  

F i e  1. Projection density plots for all the electrons of (a) formamide, 
(b) rotamer B, and (c) rotamer A. The amino group is to the right and 
the oxygen is to the left. 

account when comparing these data. In this case, the cross-term 
serves to reduce the difference between the calculated carbonyl 
stretching frequencies of the planar and transition-state forms. 
It might also be noted that the -60-cm-' change in vibrational 
frequency is small in comparison to the difference between C=O 
and C-0 stretching frequencies (-600 cm-'). 

Although the force constants are interesting and provide some 
indication of the changes in bonding on rotation, it would be more 
useful to have a direct measure of the bond orders. The force 
constants are affected by bond orders, bond lengths, and other 
factors and are therefore at best an indirect indicator of bond order. 
Some time ago, we proposed a bond index that was the covalent 
bond order in zero differential overlap semiempirical MO cal- 
culat ion~. '~  This has been extended to ab initio calculations by 
others,I4 but we have not been satisfied with these procedures 
because they have the inherent problems associated with the use 
of atomic orbitals in calculating populations and other properties.'* 
Recently, Cioslowski'6 has proposed a related covalent bond order 
based on the atomic overlap matrix as defined in the theory of 

(13) Wiberg, K. B. Tetrahedron 1968, 24. 1083. 
(14) Gopinathan, M. S.; Jug, K. Theor. Chim. Acru 1983,63, 497, 511.  

Jug, K. J.  Comput. Chem. 1984.5, 555. Jug, K.; Fasold, E.; Gopinathan, M. 
S. J .  Comput. Chem. 1989,10, 965. 

(15 )  Cf.: Glaser, R. J .  Comput. Chem. 1989, I O ,  118. 
(16) Cioslowski, J.; Mixon, S. T. J.  Am. Chem. Soc. 1991, 113, 4142. 
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Table IV. Calculated Covalent Bond Orders for Formamide Conformers" 

Wiberg and Breneman 

270' (B) planar 90' (A) 
bond P U total P U total P U total 
C - O  0.458 0.668 1.127 0.571 0.677 1.248 0.584 0.666 1.249 
C-N 0.229 0.655 0.884 0.046 0.844 0.891 0.048 0.839 0.887 
C-H 0.003 0.895 0.898 0.004 0.917 0.921 0.004 0.920 0.924 
N H a  0.029 0.745 0.775 0.830 0.841 
N H b  0.03 1 0.760 0.792 
Ne-0 0.134 0.154 0.288 0.057 0.157 0.215 0.061 0.153 0.214 

" Separation into u and P is not easily defined for out-of-plane hydrogens in the rotated forms. 

atoms in molec~les.~ We have applied this procedure to the three 
rotamers of formamide giving the results shown in Table IV. 

The carbon-carbon double bond in ethylene is calculated to 
have a covalent bond order of 1.96, close to the nominal 2.O.I5 
One might then note the relatively small covalent bond order for 
the carbonyl group, suggesting that it has considerable ionic 
character. This is in good accord with the large C=O bond 
dipole,I7 and with calculations of the electron populations at  C 
and 0 of carbonyl groups.'* The much greater electronegativity 
of oxygen as compared with carbon leads to a charge shift from 
C to 0. This may be seen in projection density19 plots in which 
all of the charge density above and below the molecular plane is 
collapsed onto that plane. Plots for the total charge density are 
shown in Figure 1, and those for just the A electrons are shown 
in Figure 2. It might be noted that both the u and A components 
of the bond are polarized, and so the total covalent bond order 
is divided approximately equally between u and A. 

In Figure 1 it can be seen that the oxygen contours occupy most 
of the volume associated with the C=O bond leading to a large 
electron population for the oxygen and a small population for the 
carbon. In this way, a carbonyl group is best written as C+-O-, 
and the relatively short bond length may be attributed to a cou- 
lombic attraction between C and 0. The contours in the vicinity 
of the carbonyl group are essentially unchanged on rotation about 
the C N  bond, again indicating a lack of participation of this bond 
in the C-N bond rotation process. 

The resonance picture is concerned with the A electrons, and 
their contours in Figure 2 again show a large shift in charge density 
from carbon to oxygen. However, there is essentially no change 
for the C=O bond on rotation about the C N  bond. It is clear 
that the carbonyl group is a spectator and not an active participant 
in the C-N bond rotation. The small change in C-0  bond order 
on rotation may be attributed to the changes in charge at the atoms 
and a change in the ionic character of the bond.20 There is no 
significant change in the C-N covalent bond order on rotation. 
However, in the planar form there is a significant A-covalent bond 
order (0.229) which almost disappears in the 90' rotated form. 
In the latter, this is compensated for by an increase in the u bond 
order. This is in agreement with the finding that there is less C-N 
charge separation in the rotated form than in the planar form (see 
below). 

All of these data are consistent with the proposal that any 
resonance interactions present in formamide do not affect the 
carbonyl C=O bond to the large extent required to support the 
standard resonance model. Recent VB calculations on formamide 
also support this view.21 

(17) Aldehydes and ketones have dipole moments of 2.6-2.7 D, most of 
which may be attributed to the carbonyl group. 

(18) Slee, T.; Larouche, A.; Bader, R. F. W. J .  Phys. Chem. 1988, 92, 
6219. 

(19) Streitwieser, A., Jr.; Collins, J .  B.; McKelvey, J. M.; Grier, D.; Sen- 
der, J.; Toczko, A. G. Proc. Natl. Acad. Sci. U.S.A. 1979, 76, 2499. 

(20) The electron populations for planar formamide were as follows: C, 
4.023; H, 1.035; 0, 9.392; N, 8.476; H, 0.529 and 0.544. For 90° rotated 
formamide they were as follows: C, 4.249; H, 1.005; 0, 9.341; N, 8.222; H, 
0.592. We have examined the populations and bond orders for a number of 
types of compounds containing groups and have found a linear relationship 
between the population at oxygen and the C-O bond order (Wiberg, K. B.; 
Hadad, C. M.; Rablen, P. R.; Cioslowski, J. To be published). 

(21) Flegg, R. H.; Harcourt, R. D. J .  Mol. Struct. (Theochem) 1988,164, 
61. 

a 

b 1 

I C  

Figure 2. Projection density plots for the P electrons of (a) formamide, 
(b) rotamer B, and (c) rotamer A. 

4. Atomic and Structural Changes during Rotation 
It was of interest to us to see how the structural parameters 

and atomic properties change during rotation about the C-N bond. 
To accomplish this, we started with the lower energy saddle point 
conformer (A) and carried out a search for the path connecting 
this conformer to the planar form using a highly damped 
mode-walking algorithm with the force constants evaluated 
analytically (HF/6-3 1G*) at each point.22 The calculated ro- 
tational pathway was found to begin with the amino hydrogens 
gauche to the carbonyl group, followed by rotation of the py- 
ramidal NH2 with little change in hybridization until the hydrogen 

(22) The calculation was performed using a harmonic mode-walking al- 
gorithm implemented in the developmental version of G A U S S I A N ~ O . ~ ~  



Resonance Interactions in Acyclic Systems. 3 J.  Am. Chem. SOC., Vol. 114, No. 3, 1992 835 

a C-N 
c=o 

I 
100 120 140 160 180 

Lp-N-C-0 torsional angle 

Figure 3. Bond length changes for formamide on rotation about the C-N 
bond. 

rotating toward the carbonyl group overshoots by about 8’. At 
this point, the hydrogen becoming anti to the carbonyl is still about 
25’ out of plane, but the calculated energy of this structure is 
within 0.5 kcal/mol of the planar form. This demonstrates that 
considerable distortion of the amino group in the planar structure 
is possible with little energy cost. 

0 

A Plsnri 

The mode-walk technique resulted in our finding 33 intermediate 
structures, from which 11 were chosen for further study using the 
6-31G** basis set. The reaction coordinate was taken as the 
torsional angle between the carbonyl and the nitrogen “lone pair”. 
The latter was defined by a line from the nitrogen to the point 
at which the electrostatic potential was most negative. The C=O 
and C-N bond length changes that occur during rotation are 
shown in Figure 3 as a function of this reaction coordinate. 
Whereas the C-N bond length increases significantly on rotation 
from the planar to rotamer A, the changes in the C-0 bond 
length are negligible. 

to 

H N L H  

I 
t 

Nitrogen ione-pair dihedral angle with C=O bond 

Figure 4 shows the dependence of the “lone pair” electrostatic 
potential value on the progress of the transition from the planar 
form to rotational transition state A. It can be seen from the figure 
that when the amide is close to planar the electrostatic potential 
well is quite shallow, with a potential minimum of only -10.9 
kcal/mol. The electrostatic potential well deepens considerably 
even with small, energetically-negligible deformations from the 
planar structure, and finally arrives at a value of -59.7 kcal/mol 
at the rotational transition structure. This potential well is more 
shallow than the value expected for a typical primary amine such 
as methylamine, which has an electrostatic potential well value 
of -82.5 kcal/mol, presumably as a result of the proximity of the 
orthogonal electronegative carbonyl group. 

”” . 
80 100 120 140 160 I80 

Lp-N-C-0 torsional angle 

Figure 4. Electrostatic potential minima in the vicinity of the amide 
nitrogen. 

d i 
\ H 

Figure 5. An example of an interatomic surface. 

5. Electron Populations 
We may now turn to one of our special concerns, the flow of 

electron population and electronic kinetic energy between the 
atoms in the structures connecting the planar and saddle point 
conformers. The 6-3 1G** atomic electron populations were 
evaluated at  each of the 11 selected intermediate structures using 
Bader’s theory of atoms in  molecule^.^ 

Direct analysis of the electron density is capable of providing 
all pertinent information concerning molecular behavior and en- 
ergetics. To understand this technique, one must envision the 
molecule as a collection of atomic “attractors” (nuclei) surrounded 
by a sea of charge density. Between each pair of bonded atoms, 
there exists a pathway of greatest charge density called the bond 
path. Somewhere along this path there is a point of minimum 
density known as the bond critical point. A bond path connecting 
atoms A and B containing just such a critical point is illustrated 
below: 

Bond Critical Point 
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Figure 6. Changes in electron population on rotation about the C-N bond. 
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Within the density analysis method, the bond critical point rep- 
resents a special point where the electron populations of atoms 
A and B join. If one then starts a t  the bond critical point and 
constructs a set of rays normal to the bond path for which the 
charge density decreases most rapidly, an interatomic surface can 

be defined as shown in Figure 5 .  A set of surfaces may be 
constructed, one for each bond, which serve to separate the 
molecule into a set of atomic domains. 

By integrating the appropriate function of the charge density 
over each atomic domain, the electronic properties of each atom 
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can be calculated. The most obvious of these properties is the 
atomic electron population, but the method has the added capa- 
bility of calculating other properties such as the atomic electronic 
kinetic energies for each atom in a molecule. It is this capability 
that allows us to describe the rotational barrier in formamide from 
an intramolecular perspective. 

As shown in Figures 6 and 7 the flow of charge and energy 
between atoms proved to be smooth during the rotation.lg It is 
significant that most of the changes involve only the carbonyl 
carbon and the amide nitrogen. The data in Figure 6 show that 
as the structure changes from the planar amide form to the rotated 
structure the carbonyl carbon gains electronic population at  the 
expense of the amide nitrogen. This result is consistent with the 
earlier work of Wiberg and Laidig2 and suggests that the barrier 
to rotation is due largely to the amino group being destabilized 
near the transition structure. This destabilization is clearly shown 
in the kinetic energy flow in Figure 7, where there is a smooth 
destabilization of the amide nitrogen and a smaller stabilization 
of the carbonyl carbon during the conformational change. This 
can be interpreted as being indicative of the relative electroneg- 
ativities of the nitrogen and the carbonyl carbon, since the amount 
of stability that a particular type of atom can derive from a given 
amount of electron density provides a fundamental description 
of electronegativity. Figures 8 shows the relationship between 
changes in electron population and atomic stability for the amide 
nitrogen, the carbonyl carbon, and the carbonyl oxygen, respec- 
tively. The abscissa of each of these graphs indicates the relative 
stability of each atom with increasing electron population. The 
origins are with respect to the planar formamide values. It is 
significnt that the slope of the nitrogen line is 1.38 times greater 
than that of carbon, while the changes at oxygen are small. These 
data are also consistent with the view that a carbonyl oxygen is 
very nearly saturated with electron density, and increasing the 
electronic population of this kind of atom does not give it extra 
stability. Recent work on enolate electronic structures supports 
this view.23 

We have noted that the nitrogen in the planar form appears 
more electronegative than that in either saddle point conformer 
and has a larger electron population. The change in population 
at  nitrogen can be accommodated by a simple hybridization ar- 
gument. In the planar amino group, the hybridization at nitrogen 
would be close to sp2. However, on rotation, the amino group 
undergoes pyramidalization, leading to H-N-H bond angles of 
106' and bond path angles (102') that are even smaller. Here, 
the hybridization would correspond to less than 25% s-character, 
and the nitrogen would be much less electronegative than in the 
planar form. This would lead to the calculated change in structure 
and electron population, since in the planar form the greater 
electronegativitiy of the sp2 hybridized nitrogen shortens the C-N 
bond and allows the nitrogen to withdraw more electron density 
from the carbonyl carbon. As a check on this hypothesis, we have 
carried out a geometry optimization for 90' rotated formamide 
in which the amino group was forced to be planar. This raised 
the energy by 6.6 kcal/mol above the transition structure (A) and 
led to electron populations that are between those of the planar 
form and the pyramidal saddle point form. It would appear that 
one reason why the planar transition form is not favored is because 
the nitrogen prefers to place its lone pair electrons in an orbital 
with high s-character which requires a pyramidal structure. 

It is possible to separate the electron populations of the planar 
form into u and T components.2 The a populations are 1.866 
(NH,), 0.408 (CH), and 1.710 (0). In the absence of any in- 
teractions, the populations would have been 2.0, 1.0, and 1.0, 
respectively. Therefore, the a system charges are NH,, +0.134 
(NH,), +0.592 (C), and -0.710 (0). This may be compared with 
rotamer A for which the a populations are 1.990 (NH2), 0.406 
(CH), and 1.604 (0). There is essentially no change at  carbon, 
but the oxygen gains 0.106 a electron in the planar form. At the 
same time, it loses 0.054 u electron on going from the rotated to 
planar forms, leaving a net change of only 0.05 electron. All of 

~~ 

(23) Breneman, C. M. Unpublished work. 
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Figure 8. Relationship between the electron population and the kinetic 
energy for the C, N, and 0 atoms of formamide. Note that the energy 
scale for 0 is much different than that for C or N. 

the relatively large shift in electron population at carbon is found 
in the n system as would be expected for an inductive effect. 

It is also of interest to look at the changes which occur in atomic 
sizes during rotation about the C-N bond. Figure 9 shows the 
distances from each atom of the C-N and C=O bonds to each 
bond critical point. Examination of this figure reveals that the 
largest change is in the radius of the carbonyl carbon atom bonding 
to the amide nitrogen. The nitrogen atom is somewhat affected, 
but not to as large an extent. 
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Figure 9. Changes in atomic sizes (distances from the atoms to the bond critical points) on rotation about the C-N bond. 

6. A View from the Outside 
The analysis given above is concerned with the molecule as seen 

by its nuclei. The population calculations are in good accord with 
simple hybridization arguments, as is usually found to be the case.24 
However, for intermolecular interactions, this approach may 
sometimes be inconvenient since the atomic charge, atomic dipoles, 
and higher terms must be considered. Here, it is helpful to view 
the molecule from the outside in order to see what an approaching 
reagent would experience. Two pertinent quantities are readily 
obtained from the wave functions: the Laplacian of the charge 
density ( V 2 p )  and the electrostatic potential. The Laplacian of 
p has been used to predict regions of higher r e a ~ t i v i t y , ~ ~  and the 
electrostatic potential has frequently been used to predict the 
regiochemistry of intermolecular interactions.26 

To simplify the analysis, the electrostatic potential field can 
be used to define effective point charges for spherically symme- 
trical atoms. We have used a version of the CHELP program2’ 
(CHELFG), modified to be nearly rotationally invariant, to calculate 
nuclear-centered effective point charges that reproduce the 
electrostatic potential field outside the molecular van der Waals 
radius to a high degree of accuracy.2s These charges, while not 
strictly representative of the interior charge distribution of the 
molecule, do convey a qualitative picture of what the molecule 
looks like to its surroundings. As indicated in Figure 10, the 
calculated CHELPG charges show that the amino group externally 
appears more positive in the planar structure than in the pyramidal 
transition state, as predicted by the resonance model, while the 
carbonyl carbon appears to become considerably more electrophilic 
in the rotated structure, also in accord with experiment. The data 

(24) Cf.: Wiberg, K. B.; Breneman, C. M. J .  Am. Chem. SOC. 1990,112, 

(25) Carroll, M. T.; Chang, C.; Bader, R. F. W. Mol. Phys. 1988,63, 387 

(26) Scrocco, E.; Tomasi, J. Adu. Quantum Chem. 1978, 11, 115. 
(27) Chirlian, L. E.; Francl, M. M. J .  Comput. Chem. 1987, 6, 894. 

QCPE program No. 524. Our modification consists of selecting points for 
fitting from a 3-D grid of So00 points placed around the molecule with a point 
spacing of 0.3 A. Points within a 2.0-A radius from any atom are excluded. 

(28) Breneman, C. M.; Wiberg, K. B. J .  Comput. Chem. 1990, 11, 361. 

8765. 

and ref 3b. 

show that the carbonyl oxygen remains relatively unchanged 
throughout the rotation. In each case, the Mulliken population 
analysis data are also included on the figures for comparison, even 
though Mulliken charges are known to be considerably basis-set 
dependent.29 

In an effort to visualize the external view of the electrostatic 
potential and the Laplacian of the charge density (V2p), we have 
calculated these properties at about 30000 points on the molecular 
van der Waals surface (defined as the 0.002 e/au3 surface in p ) .  
The calculated values are represented by a color scale superim- 
posed on the closely-spaced 3-D contours which represent the 
molecular surface in p (Figure 11). The electrostatic potential 
values at the VDW surface are in accord with intuition; the lowest 
values of the electrostatic potential are found in the molecular 
plane near the carbonyl oxygen in all three conformers, while in 
the rotated structures A and B a second region of low potential 
is seen near the nitrogen, where a “lone pair” might be expected 
to exist. There is a somewhat larger region of negative potential 
around the carbonyl oxygen in the planar structure than in either 
of the rotational transition-state structures, as predicted by the 
resonance model, but this is not reflected in the change in atomic 
charge at  oxygen. 

The Laplacian of p is normally examined in terms of its critical 
points, which lie closer to the nuclei than the VDW surface.24 
Nevertheless, we thought it might be of interest to see if there 
is any relationship between V2p at the critical points and at  the 
VDW surface. It can be seen from Figure 11 that the nature of 
the Laplacian field around the carbonyl oxygen at  the van der 
Waals radius is in conflict with the electrostatic potential; in the 
region where “lone pairs” might be expected, there are weak areas 
of greater positive V2p ,  implying regions of relative charge de- 
pletion, although at much shorter distances from the oxygen 
nucleus (<OS au) there are two negative peaks in the Laplacian 
field. These observations suggest that the critical points in V2p  
may predict the nature of the electrostatic potential at the VDW 
surface. This question will receive further study. 

(29) Mulliken, R. S.; Politzer, P. J .  Chem. Phys. 1971, 55, 5135. Grier, 
D. D.; Streitwieser, A., Jr. J .  Am. Chem. SOC. 1982, 104, 3556. 
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derived from the electrostatic potential are effective charges which 
will reproduce the data, and should not be thought of as correctly 
representing the charge at a given atom. 

7. Conclusions 
All of the results, including the geometry changes, the changes 

in force constants, and the changes in electron populations or 
effective charges, indicate that the oxygen in formamide does not 
play an active role in determining the rotational barrier and that 
the principal interactions involve only the carbon and nitrogen. 
A reasonable hypothesis is that the main determining factor is 
the need for the nitrogen to stabilize its lone pair electrons as well 
as possible. In the rotated form, A, the nitrogen places its lone 
pair electrons in an orbital with as much s-character as possible 
since the s-electrons are more strongly bound than are p-electrons, 
and as a result the other bonds are formed with orbitals having 
higher p-character. This may be seen in the less than tetrahedral 
observed H-N-H angles which correspond to even smaller bond 
path angles.30 The nitrogen will then have relatively low elec- 
tronegativity since this quantity decreases with increasing p- 
character. In the planar form, the nitrogen has an opportunity 
to use its lone pair to interact with the adjacent electron deficient 
carbon, and this will lead to stabilization. The interaction is seen 
in the C N  P bond order of 0.229 in the planar form. In order 
to allow this interaction, the lone pair must occupy a p-orbital, 
which results in approximately 120° bond angles at nitrogen and 
sp2 hybridization. The increase in electronegativity of the nitrogen 
results in a charge shift from the carbon to the nitrogen in the 
u system. The shift in charge density is in part due to a shift in 
the bond critical point toward the carbon leading to a larger 
volume element for the nitrogen. The role of the oxygen is mainly 
to polarize the carbonyl group and make the carbon able to interact 
with the nitrogen. 

The atoms defined in this way are far from spherical, and the 
center of charge does not coincide with the nuclear position. As 
a result, there are atomic dipoles and higher terms, which may 
readily be calculated along with the populations derived from 
integration of the charge density. The dipole moment may be 
reproduced by summing the charge-distance products and adding 
the atomic dipoles3' Similarly, if one also includes the quadrupole 
terms, it is possible to reproduce the electrostatic potential outward 
from the van der Waals surface. 

It is also possible to reproduce the electrostatic potential using 
a set of nuclear centered charges, and the values of these effective 
charges may be derived from the electrostatic potential. The 
charges defined in this way are for nonphysical spherically sym- 
metrical atoms. They also are in agreement with the conclusion 
that the oxygens is not significantly involved in determining the 
barrier to rotation. The direction of charge flow between C and 
N derived from the effective charges is opposite from that obtained 
from the electron populations found by integration of the charge 
density. This is a result of the difference in the way the atoms 
are defined, and formamide is probably an extreme example of 
this difference. The electrostatic energy plots (Figure 11) illustrate 
the difficulty in representing the nitrogen by an effective charge. 
The electrostatic potential in the vicinity of the nitrogen is 
markedly anisotropic. As a result, the effective charges must be 
balanced among the several atoms in such a way as to reproduce 
the anisotropy. 

It is important to note that the electrostatic potential outward 
from the van der Waals surface may be well reproduced either 
by the terms obtained using the theory of atoms in molecules or 
by the effective charges derived by fitting the electrostatic po- 
tential. The molecular dipole moment may also be reproduced 
in the same fashion. Thus, there is no fundamental conflict 
between the two sets of charges, despite the differences seen in 
Figure 10. The charges designated as %" are for anisotropic 
(nonspherical) quantum mechanically defined atoms, and are the 
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Figure 10. Changes in electron populations caused by rotation about the 
C-N bond. The lines are indicate (n) the changes in electron population 
as determined by the theory of atoms in molecules, (C) the changes in 
effective charges determined by fitting the electrostatic potentials, and 
(M) the changes in the Mulliken populations. 

It is important to note the anisotropy of the electrostatic po- 
tential near the nitrogen (Figure l l) .  The only way in which this 
anisotropy can be reproduced by charges for spherically sym- 
metrical atoms is to have part of it associated with other atoms 
such as the hydrogens attached to the nitrogen. Thus, the charges 

(30) Wiberg, K. B.; Murcko, M. A. J .  Mol. Struct. 1988, 169, 355. 
(31) Cf.: Bader, R. F. W.; Larouche, A.; Gatti, C.; Carroll, M. T.; 

MacDougall, P. J.; Wiberg, K .  B. J .  Chem. Phys. 1987, 87, 1142. 
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to the lower right. 

ps (upper) a t  the van der Waals surface (0.002 e/B3) for planar formamide (left), conformer A (center), and 
is (kcal/mol) as follows: (a) -52 to -38; (b) -38 to -24; (c) -24 to -10; (d) -10 to +4; (e) 4 to 18; (f) 18 to 

e van der Waals surface are given in the lower plot, The color code (e/B5) is 
101; (d) 0.0101 to 0.01 5; (f) 0.0125 to 0.0137; (g) 0.0137 

leading terms of a se ansion that includes atomic di basis sets.33 The electron populations and kinetic energies were calcu- 
lated using PRO AIM.^^ The bond orders were calculated using  BONDER.^^ 
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(33) Hehre, W. H.; Radom, 
Molecular Orbital Calculations; Wiley: New York, 1986. 

F. W. J. Am. Chem. SOC. 1982, 104, 946. 
(35) Cioslowski, J. Florida State University, SCRI, 1990. 
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For many years we have been  performing mu ltinuclear kinetic NMR measure-  
ments and  for the purpose of temperature measurement  we currently utilize a  
simple, accurate Pt-resistance thermometer assembly. The  method involves a  sub- 
stitution technique, possible nowadays because of the good  stability of commercial 
NMR thermostating units. 

The  thermometer assembly is made  of a  temperature sensor contained in an  
NMR tube (Fig. 1) and  connected to a  readout device by an  insulated cable. The  
temperature sensor consists of a  2-mm-diameter Pt 100-Q resistor (J) at the end  
of an  alumina rod (H). The  sensor head  (B) supports the connection plug (A) and  
can be  fixed to tubes of either 5  or 10  m m  external diameter by means  of O-rings 
(C). The  weight of the temperature sensor, 5  g  only, permits rotation with the gas 
turbine. The  resistance measurement  is made  with a  digital ohmmeter  (for example, 
Dana 4600  mu ltimeter, 4% digits). After subtraction of the small resistance of the 
connecting wire (typically 0.5 Q), the resistance is converted to temperature by 
means  of DIN 43760  tables. If one  uses devices giving the temperature directly 
(for example, Hewlett-Packard 2802  A), account must be  taken of the diversity 
of temperature coefficients of resistors of different origins. 

To  measure the temperature the sensor is placed in a  tube of the same diameter 
as that of the sample. The  liquid surrounding the sensor should have the same 
physical properties as those of the sample. The  temperature measur ing tube is 
placed in the probe head  and  is rotated if the following NMR measurement  is to 
be  done  with rotation. After temperature equilibration (less than 3  m in for 5 -mm 
and  10  m in for lo-mm tubes) the rotation, if used, is stopped, the sensor connected 
to the readout device, and  the reading made  within the 5  set following the stoppage 
of rotation. The  tube is replaced by the sample tube, the NMR measurement  made,  
and  the temperature rechecked at the end  for higher accuracy. 

No changes of the observed temperatures attributable to tube nonuniformity 
(‘W ilmad  G lass Co.) have been  detected (I, 2). However, in nonspinning samples 
the temperature was found to depend  (+l K) on  its angular position; this is at- 
tributed to poor  axial symmetry of the tube and  probe-head assembly. Rotation 
of the sample eliminates this problem and  gives excellent reproducibility (+0.2 K). 

* To  whom all cor respondence should be  addressed.  
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FIG. 1. Pt-resistor temperature sensor in a lo-mm-diameter NMR tube. (A) Connecting plug, (B) 
sensor head (Teflon), (C) O-rings, (D) IO-mm NMR tube, (E) Cu wires, (F) centering ring (Teflon), 
(G) thermoretractable protection sheath, (H) alumina rod with two holes, (I) connection wires, (J) Pt 
100-Q resistor (W 60150 Degussa Switzerland AG, Zurich). 

It has been established that introduction of the sensor into the liquid of the tem- 
perature-measuring tube does not produce any detectable temperature changes in 
the liquid from, for example, modification of convection currents or loss of heat 
along the sensor length. 

For the Bruker WP-60 spectrometer the difference between the temperature of 
a nonspinning sample and that of a spinning sample is at maximum 1 K from 150 
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to 460 K for 5-mm tubes, and from 150 to 370 K for lo-mm tubes. For the latter, 
above 370 K, the difference increases considerably to reach 5 K at 460 K. It is 
therefore recommended that the temperature-measuring tube be rotated before 
measurements. The rotation speed (15 to 60 Hz) does not affect the measured 
values. The magnitude of the vertical temperature gradients at the level of the 
NMR measuring coil depends on the difference between the experimental and 
ambient temperatures. In the 5-mm proton NMR probe head, the vertical gradients 
were kO.4 K cm-’ at 180 and 400 K. 

In contrast to the magnetic field Ho and the radiofrequency pulsed field H,, the 
high-power radiofrequency decoupling field Hz can cause large changes of the 
sample temperature, up to 50 K (3). Therefore, for measurements using Hz, it is 
essential that the liquid surrounding the temperature sensor be identical to the 
sample to be measured. Moreover H2 must remain on during the thermostating of 
the temperature tube (like the sample tube) and turned off just before the reading 
so as not to perturb it. 
’ In proton NMR the temperature is usually determined by means of two ther- 
mometric solutions: methanol and ethylene glycol. Numerous calibration equations 
have been proposed relating the chemical shift differences A6 (ppm), and the tem- 
perature for these compounds (4). Our multinuclear thermometer yields the fol- 
lowing equations: 

T(K) (methanol) = 409.0 - 36.54 A6 - 21.85 (AA)2, 
between 178 and 330 K, 

T (K) (ethylene glycol) = 466.5 - 102.00 Ad, between 273 and 416 K. 
These results agree to within f0.5 K with those obtained by Van Geet ((5); see 
also (1)). 
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