Can. J. Chem. Downloaded from www.nrcresearchpress.com b}/ UNIVERSITY OF MICHIGAN on 11/10/14
For personal use only.

Nuclear Magnetic Resonance Studies of Multi-site Chemical Exchange.
I1. Hindered Rotation in V,N-Dimethyl Carbamyl Fluoride

L. W. Reeves AND K. N. SHAW
Department of Chemistry, University of Waterloo, Waterloo, Ontario
Received March 1, 1971

The matrix formulation of the Bloch equations including chemical exchange reported earlier is extended
to include indirect spin-spin coupling in first-order spectra. The ABX (J,5 = 0) spin system is treated
in detail and particular attention is paid to the determining effect on the nuclear magnetic resonance
(n.m.r.) lineshapes of the relative signs of the coupling constants Jax and Jgx. The hindered rotation
for N,N-dimethyl carbamyl fluoride in CCl, as solvent has been studied using a complete 'H n.m.r.
lineshape analysis and the activation parameters obtained are: AG* = 18.1 + 0.6 kcal mol~*, AH* =
17.7 + 0.6kcalmol~!,and AS* = —1.4 + 2.1 caldeg™! mol~!at 25 °C.

The complete lineshape fits give very precise values of the relative shifts (16.5 mol%; in CCl,) of the
methyl groups and of the coupling constants Jox (0.30 + 0.05 Hz) and Jsx (0.80 + 0.05 Hz) at all
temperatures. A 40% change in Jpx (1.10 + 0.05 Hz) is observed in neat DMCF from a lineshape fit
at — 15 °C. The origin of ‘changes in chemical shifts with temperature and Jgx with solvent is discussed.

La forme matricielle des équations de Bloch appliquée a I’échange chimique et rapportée précédemment
est développée pour tenir compte des couplages spin-spin indirects dans les spectres au premier ordre.
Le systéme de spin ABX (avec J,g = 0) est traité en détail, en portant une attention particuliére a
I'effet déterminant des signes relatifs des constantes de couplage Jax et Jgx sur la forme des raies du
spectre r.m.n.

L’étude de la rotation restreinte du fluorure de N, N-diméthyle carbamyle en solution dans CCl, par
une analyse compléte de forme de raies r.m.n. du proton a donné les paramétres d’activation: AG* =
18.1 + 0.6 kcalmol~!, AH* = 17.7 + 0.6 kcalmol~'et AS* = —1.4 + 2.1caldeg=*a25 °C.

Le calcul complet des formes de raies donne des valeurs trés précises pour les déplacements relatifs
(16.5 mol%; dans CCl,) des groupes méthyles et les constantes de couplage J,x (0.30 + 0.05 Hz) et Jpx
(0.80 + 0.05 Hz) a toutes les températures. Une variation de 40% de Jpx (1.10 + 0.05 Hz) est observée
dans le DMCEF pur d’aprés un calcul de forme de raies & — 15 °C. L’origine des variations de déplacement

chimique avec la température et de Jgx avec le solvant est discutée.
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Introduction

The Bloch equations (1) have been modified to
include chemical exchange effects (2-4), in first-
order spectra, and have allowed a simple phe-
nomenological description of n.m.r. lineshape
characteristics. In the first paper in this series (5),
a concise matrix formulation of the modified
Bloch equations has been presented as a basis
for a series of experimental studies of a wide
range of chemical systems. This formulation
accommodates a general first-order n-site ex-
change system and a complete description of all
rate processes is contained in a single n X n
matrix. Such a theoretical approach allows an
efficient routine analysis for rate constants and
activation parameters.

The effect of chemical exchange on spin—spin
multiplets in first-order n.m.r. spectra was recog-
nized in the original work of Gutowsky et al.
(2, 6), and various approximate analytical ex-
pressions have been developed to derive kinetic
data for specific cases (7-10). Only recently, how-

ever, have complete lineshape analyses been
applied to multi-site exchange systems with
J-coupling (11-15). Inconsistent analyses are still
appearing in the literature, however, and very
little reliable kinetic data is available. Thus this
paper outlines the inclusion of J-coupling for the
representative ABX (J,5 = 0) spin system. It is
shown that, from a complete lineshape analysis
in the first-order limit, the detailed form of
chemical exchange and additional relaxation
processes and also the relative signs of indirect
spin-spin coupling constants may be readily
determined. The experimental case chosen, name-
ly the hindered rotation in N,N-dimethyl car-
bamyl fluoride (DMCF), is particularly problem-
atical because of a very small chemical shift
between two environmental sites and relatively
small J,x and Jgx values.

A unified theory of exchange modified n.m.r.
lineshapes has been presented by Binsch (16).
This theory using the Liouville operator formal-
ism is inclusive of the cases discussed in this
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paper, but a detailed description of the lineshapes
for first-order spectra (of the form observed for
N,N-dimethyl amides) is included here to allow
a lucid illustration of the inclusion of J-coupling
and, in particular, to emphasize the effects of the
relative signs of the coupling constants as dis-
cussed briefly in an earlier paper (12). The matrix
formulation presented here follows directly from
the stochastic exchange model discussed in the
first paper in this series (5) and all the equations
used are also applicable to second-order (tightly
coupled) spin systems. That is, the diagonal
matrix , ¢f. eq. 19 in ref. 5, defining the Larmor
frequencies for spin-sites in the first-order limit
is replaced by an off-diagonal matrix with
elements formally derived in terms of a super-
operator (17-19) in a simple product function
basis; and the intensity and population vectors
I and P, respectively, cf. eq. 20 in ref. 5, have
zero elements corresponding to combination
transitions. This independently developed matrix
formulation is particularly amenable to numerical
lineshape calculations and has been used for
efficient iterative lineshape fitting, similar to that
described in this paper, and will be discussed for
specific examples of multi-site chemical exchange
involving second-order spin systems in future
publications.

Hindered rotation about the N—C bond in
amides has been the subject of numerous n.m.r
studies (20); but to date, reliable data for closely
related chemical systems are very limited. Thus
N,N-dimethyl carbamyl fluoride has been studied
as a member of a series of halo-substituted amides
to allow a correlation of the barriers to rotation
with bonding parameters from molecular orbital
calculations. Also, although this compound is
well known as a specific enzyme inhibitor (21, 22),
no information is available on its electronic struc-
ture as compared with other amides of impor-
tance in biological systems (23). The parent
compound carbamyl fluoride is stable only at a
low temperature (24) and hence the barrier to
rotation cannot be measured for this particular
amide, as is the case for other carbamyl halides
and carbamyl pseudo-halides. The electronic
interactions of interest, namely those between
the carbonyl and amide groups and a given
C-substituent X in the general structures

/N—ﬁ—X, have very similar comparative
(e]

characteristics for the parent amides and a cor-

responding N,N-dimethyl amide series. As the
latter amides are readily accessible, this particular
series has been chosen for a quantitative com-
parison of bonding characteristics in C-substi-
tuted amides.

Chemical Exchange Spin-sites, ABX Spin System

A normal multi-site n.m.r. exchange system,
in the first-order limit, is considered in terms of
distinct sites (2, 5) of differing Larmor frequency,
®;, such that each site may be associated with a
specific molecular electronic environment and
corresponding relative chemical shift, Q;. This
concept of exchange sites may now be extended
to spin systems including J-coupling. As the
simple first-order ABX (J,5 = 0) spin system
includes all the features of a general analysis, and
is applicable to a study of hindered rotation in
N,N-dimethyl carbamyl fluoride, this particular
system will be considered in detail. The spin
Hamiltonian for this system may be expressed in
the form

[1] H=H0+HQ+H1(1)
= _O‘)O[IZA + IzB + IzX] + Q[IZA _IzB]
+ QXIzX + JAXIZAIZX + JBXIzBIzX

H, is a generalized Zeeman term and o, is a
reference Larmor frequency (rad s~ *). An inde-
pendent frequency variable x may now be defined
as x = ® — mq (5), where o is the frequency of
the irradiating r.f. magnetic field. Hg is the
chemical shift term in which Q, = —Q and
Qp = Q with 0y = (1/2) (0, — ) and Q, =
0, — . ;1) is the J-coupling term as H,*) =
U2 UaxIa "Iy~ + ITIx"] + JpxlI™Ix™ +
I;7Ix"]} may be neglected in a first-order
(Jij < 19Q; — Q;|) determination of spectral tran-
sition frequencies and intensities (25). The H,*
term, however, has been shown to give rise to a
spin-spin relaxation mechanism which may be
described by Bloch type equations for a weakly
coupled spin system (26). The effect of such a
relaxation in addition to chemical exchange is
not included in the present work. In the usual
I,-representation with simple product basis func-
tions, ¢;, the Hamiltonian given in eq. 1 is
diagonal and hence all terms correspond to
secular energies determining the transition fre-
quencies listed in Table 1. As is well known, two
relative sign combinations are possible for Jx
and Jgx (25) and thus it is initially assumed that
Jax > 0 and Jzx > 0. The AB-part of the ABX
spectrum consists of the four transitions (each
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TABLE 1 @)
(a) Transition frequencies for ABX (J,s = 0) spin system ) a A B a B B
" s 1 2 3 4
Transition Transition k
number* type Energy levelst  Frequency x k=0 M3 K
1 A (13), 24)  —Q—ax , 2
2 A (5,7, (6,8) —Q+3Jxx 1 . p K
3 B (1,2), (3,4) Q—41Jpx -Q-3hax  -Qtax a-3Jpx a+3Jpx
4 B (5,6), (7,8) Q+4Jpx
1 X 1,5 —Qx—J, 1
2 X 3.7 —Qx—J_ k> a
3 X (2,6) —Qx+J._
4 X 4,8) —Qx+J.,
*These transition numbers correspond to those used in Figs. 1 and 3. —£J+ J,:J N
+The bracket (/,m) refers to energy levels E; and E,,, and correspond-
ing eigen-functions ¢; and ¢,.
TJ: = (1/2)Upx * Jax);Jpx > Jax > 0. (b)
(b) Basis (eigen) functions (¢;) for ABX X [3 A a a 8 B
spin system, / = 1/2 nuclei 1 2 3 4
k=0 [ kp3——
! b ! b ke
1 otga 5 aaf +
2 afo 6 afp -q-1|J +1y) -1y 1)
3 Boro 7 Bub Q-3 e*iax Q-3Jpx Q+3Jgx
4 BBa 8 BBB
k>»a ‘
of which is doubly degenerate for J,5 = 0) shown ———t
in Fig. 1(a), where the J-couplings with the X-spin “3do zd-

determine effective Larmor frequencies x =
—Q + (1/2)Jp,x and x = Q + (1/2)Jgx. These
frequencies may be associated with four distinct
exchange sites, analogous to the two environ-
mental sites with Larmor frequencies x = +Q.
Thus in general, in the presence of exchange, a
basic environmental (chemical shift) site with an
associated X-spin state may be referred to as
spin site-j, with Larmor frequency x;. In this
manner, for the couplings as given above, spin
site-1 corresponds to a basic A-site associated
with an o X-spin state as shown by the eigen-
functions corresponding to the energy levels
determining the transition frequency x;, = —Q —
(1/2)J,x: (oo, Boo) and (ofo, PPa). For a
molecular system not having a preferred con-
formation (equal population exchange system)
all transition intensities in the AB-part of the
spectrum are equal, as are those in the X-part,
in the absence of exchange. The X-part of the
ABX spectrum consists of the four transitions
shown in Fig. 3(a).

In terms of a stochastic theory (3, 27) for
exchange effects in a first-order spin system, the
nuclear magnetization associated with spin site-j
may be considered in terms of a spin isochromat
(28) M(x;,¢;) with Larmor frequency x; and
phase ¢; (27) and a magnitude proportional to

FiG. 1. AB-part of first-order ABX (Jas = 0) spec-
trum in the limits of no exchange and fast exchange
(k> Q): (a) Jex > Jax > 0 and J+ = (1/2)(Jex + Jax);
(b) JBX > 0, JAX < 0 with JBX > "IAX| and J- = (1/2)
(Jsx — | Jax|). The basic A and B environmental sites
are indicated along with the X-spin state corresponding
to each AB-exchange spin-site.

the fractional population P; (5). In the absence
of exchange, these spin isochromats precess in-
dependently about the direction of the static
applied magnetic field and a transverse relaxation
time T,; describes the coherent isochromat de-
phasing (28), and Lorentzian distribution of
Larmor frequencies about x;, associated with
local magnetic field inhomogeneity. In the
presence of chemical exchange, characterized by
a rate constant k, individual spin isochromats are
involved in a random transfer between spin-sites._
Conversely, it may be considered that each spin
isochromat experiences a randomly fluctuating
local magnetic field with a fundamental frequency
component k rad s~!. Thus an exchange process
gives rise to an incoherent isochromat dephasing
and a modulation of the Larmor frequencies x;.
The assumptions inherent in a stochastic descrip-
tion of exchange effects may now be summarized
as follows:

(i) the isochromat M(x;,¢;) remains in spin
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site-f with a mean lifetime t; until a random
instantaneous transfer to a different site takes
place due to a chemical exchange process, such
that precessional effects in the transfer interval
may be neglected ;

(i) the site lifetime t; is independent of the
associated spin-spin and spin-latticé relaxation
times, T,; and T, ;, respectively;

(i) individual spin isochromats relax inde-
pendently except for site transfer effects; and

(iv) for M(x;,¢;) in spin site-j there is a constant
probability per unit time, k;, for transfer from
site-j into site-i, this probability being inversely
proportional to the fractional site population P;.

Under these assumptions, the spin-site lifetime
7; and associated rate constants are related by

[2] iji = “7j_1

where i (i # j) includes all allowed transfer sites
connected with site-j, and t; > Ty;. Also, in
accordance with the principle of detailed balance
for rate processes, spin-site populations and rate
constants for any two sites satisfy the condition

[3] Pikij = ijji

In terms of this stochastic model, an intra-
molecular mutual exchange in an ABX spin
system (for example, hindered internal rotation)
is described by a single first-order rate constant
and will be assumed to give a transfer of nuclear
magnetization between spin-sites distinguished by
the chemical shifts for A- and B-spins, —Q
and +Q, respectively. All possible transfers
between the four AB spin-sites may be repre-
sented by

O—ku—®

In accordance with assumption () above, it must
be assumed that the X-spin state is unchanged
during an AB spin-site transfer and hence the
allowed transfers are 1 <> 3 and 2 < 4 as readily
seen by comparison of the eigen-functions asso-
ciated with the transitions /, 3 and 2, 4 in Table 1.

That is, transitions I and 3 are A- and B-spin
transitions, respectively, where all eigen-functions
involved have an o X-spin part as shown in
Fig. 1(a). For a mutual intramolecular exchange,
this stochastic model is consistent with a
quantum-mechanical treatment (29, 30) in that
it may be considered that the molecular system
following a nuclear spin-site transfer has a spin
Hamiltonian differing only in interchanged mag-
netic properties for the A- and B-spins. An
exchange operator E defined by E|aafy) =
laaky> and EjaPEx) = |Bakx), where Ex is the
X-spin part of the product basis function, then
determines exactly those transitions involved in
AB spin-site transfers as allowed above. In an
intramolecular exchange, the nuclear spin states
for an individual molecule following a spin-site
transfer are determined completely by the original
states. This is actually the fundamental difference
between such a process and an intermolecular
exchange in which the overall state of an in-
dividual molecule following spin transfer depends
upon the original state of this molecule and also
the state of the interacting molecule. Therefore,
if the X-spin undergoes an intermolecular ex-
change all AB spin-site transfers as depicted
above are allowed as the X-spin state may now
be changed in this exchange process. For example,
spin-sites / and 2 differ only in the X-spin state
as shown in Fig. 1(a). Such a spin-site transfer
may also be considered to correspond to a spin-
lattice relaxation mechanism for the X-spin; and
in particular, the correlation time tc for a
quadrupolar relaxation process may be com-
parable to the AB spin-site lifetime t;. Such a
mechanism also leads to the effective transfers
14, 23, and 3 4. The effect of this
additional relaxation process will depend upon
the parameters (tcJox)~ ! and (tc/px)” Y, and
hence in many first-order spin systems in the
liquid phase such an effect may be described by
a pseudo-secular contribution to the transverse
relaxation time 7, ;.

General lineshape characteristics for chemical
exchange in the AB-part of a first-order ABX
spectrum are concisely described througha 4 x 4
rate matrix, K, as defined in the first paper of
this series (5). In the zero saturation limit, a
complex lineshape function G(x) may then be
expressed in the form

4] Gx) = AIS.[A + (1T, + i0[]"L.S"L.P
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in which A is the diagonal matrix corresponding
to a matrix [K — iQ], the diagonal matrix £
being defined by the spin-site Larmor frequencies,
x;, in terms of the independent frequency
variable x. S is the matrix which diagonalizes
[K — iQ], viz., A = S”L[K — iQ].S.P is the
spin-site fractional population column vector and
Iis a transition intensity row vector. It has been
implicitly assumed that T,; is the same for all
spin-sites in defining the relaxation matrix T, as
the scalar matrix (1/7,)I, where I is the 4 x 4
unit matrix. This simplification is usually valid
in that non-secular relaxation processes (26, 29),
as described by off-diagonal elements in T,, are
negligible. However, it is to be noted that the
relaxation processes associated with the J-coupled
X-spin, and considered in terms of effective spin-
site transfers above, are equivalently described
by such off-diagonal elements. In this manner,
quadrupolar relaxation effects are very simply
incorporated in to eq. 4.

The matrix K describing intramolecular ex-
change effects in the AB-part of the equal
population ABX (J,g = 0) spin system with
Jax > Jux > 0, and spin-sites as ordered in
Fig. 1l(a), is given (5) in terms of the rate constant
ks *as

k 0 —k 0
0 k 0 —k
K= —k 0 k 0
0 —k 0 k

In accordance with eq. 2, the diagonal element
K;; is equal to the inverse spin-site lifetime ;™"
The elements of the diagonal £ matrix are simply
the transition frequencies listed in Table 1, and
the vectors P and I have equal elements 0.25 and
1.0, respectively. Equation 4 now allows a very
efficient computation of the steady-state n.m.r.
absorption mode lineshape function, V(x), as the
real part of G(x). Lineshapes have been calculated
for the AB-part of the ABX spectrum defined by:
Q =4.0Hz,J,5 = 0,J,x = 2.0Hz,Jzx = 5.0Hz,
and T, = 0.64s (0.5Hz full width at half-
maximum), and are shown in Fig. 2(a) for rate
constants in the range 0 < k < 200 s~ '. These
lineshapes are normalized independently of k,
through the constant A4 in eq. 4, and the spectrum
limits are +20 Hz. In the limit of fast exchange
(k > Q) the spectrum reduces to a doublet. This
feature is characteristic of an A,X spin system

(a) k=0 s (b)

FiG. 2. Intramolecular exchange lineshape function,
V(x), for the AB-part of first-order ABX (Jas = 0)
spectrum; (@) Jex > Jax > 0; (b) Jex > 0, Jax < 0 and
Jex > |Jaxl.

and is consistent with the expectation that in this
limit basic A- and B-sites become equivalent. As
shown in Fig. 1(a), for J,x and Jgx of the same
sign the doublet splitting is J,, where J, =
(1/2)(Jpx + Jax)-

Now for a spin system with J,x and Jgx of
different sign, the spin—spin coupling term in the
Hamiltonian given in eq. 1 may be expressed as
— axal,x + JexI.sl,x, where it is assumed
thatJ,x < OandJgx > 0. The allowed transition
frequencies are defined by substituting — [J,x|
for J,x in Table 1; and the AB-part of the
spectrum for this spin system is shown in Fig. 1(b),
in which the ordered transitions I and 2 now
correspond to B and a X-spin states, respectively.
In this case, the matrix K is

0 k —k 0
K= 0 —k k 0
—k 0 0 k
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and this matrix determines the lineshapes shown
in Fig. 2(b) for the parameters previously given.
In the region of coalescence (k ~ Q) and in the
fast exchange limit, for a given rate constant k,
these lineshapes are distinctly different from
those for J,x and Jgx of the same sign, cf.
Fig. 2(a). Therefore, in general, the relative signs
of J,x and Jgx may be determined directly by
lineshape fitting of an exchange modified ABX
spectrum. To date, this feature has apparently
only been recognized in a few instances (12, 31).
Of course, a further consequence of J,x and Jgx
having different signs is that the doublet splitting
in the fast exchange limit is J_, where J_ =
(1/2)(Jgx — |Jax|) for Jgx > |Jax|, as shown in
Fig. 1(b).

The corresponding rate matrices, K, for a more
general unequal population exchange system
have elements determined by the relationship
given in eq. 3. Thus for Jgx > J,x > 0 it follows
that K3, = —k and K,; = —(P,/Py)k, where k
is the first-order rate constant for transfer from
spin-site 7 and P, is the sum of fractional popula-
tions for the spin-sites associated with the A-type
basic environmental exchange site. In this manner
the doublet in the fast exchange limit is centered at
x = (1 — 2P,)Q and it has a splitting given by
(1 —-2P,)J_ + J,, which is equivalent to the
weighted average coupling P,J,x + PgJpx. For
Jgx > 0 and J,x < 0, this doublet is centered
as above but the splitting is now given by
(1 —-2P)J, +J_, where J, and J_ are as
previously defined.

Exchange effects in the X-part of the ABX
(Jag = 0) spectrum under consideration are also
described by 4 x 4 matrices K and Q analogous
to those already discussed. The X-part spectra
in the absence of exchange and in the fast
exchange limit (k > J;) are represented as
shown in Fig. 3. The corresponding absorption
mode lineshapes (for the particular set of param-
eters previously defined) are shown in Fig. 4,
and again the relative signs of J,x and Jgx give
rise to marked differences in the computed line-
shapes. An example in the literature closely
related to the ABX spin system is > N-formamide
analyzed as an ABXY (J, 5 # 0) system (32).
Inspection of the X-part of the experimental
spectrum at 75 °C clearly shows that J,x and Jgx
have the same sign, as now verified by double
resonance methods (33, 34).

With respect to experimental n.m.r. lineshape

(@

AB Qa a ap B
e B y B

k=0 k2

~niJ+ —n;J_ -a, -.QX*J_ —.QX+J+

k»J_

(b)

AB Ba aa BB ap
1 2 3 4

k=0 — ki

—niJ, -n;J_ -Q, -n;(f.l_ —.Q.)*(J*
k >»J,

F1G. 3. X-part of first-order ABX (Jap = 0) spectrum
in the limits of no exchange and fast exchange (kK > J5):
(@ Jex > Jax > 0 and J, = (1/2)(Jpx *+ Jax); (b)
Jnx > 0, JAX < 0 with JBX > IJAxl and J* = (1/2)
(Jex £ |Jax|). The AB-spin states corresponding to each
of the X-spin sites are shown for the ordered transitions.

fitting, an analysis of both the AB- and X-parts
of an ABX spectrum allows a check on the
internal consistency of the fitting procedure used
to obtain rate constants for a given exchange
process. Also, in general, lineshape fitting is most
reliable in the region of coalescence. Now the
coalescence condition for the AB-part of the
spectrum is determined by the chemical shift
difference 2Q, whereas the same condition for the
X-part is determined by the parameter J_ =
(1/2)(px — Jax) (or Iy = (1/2)(Jpx + |ax|));
and hence, if J_ (or J, ) and 2Q differ significantly,
a dual analysis may allow an accurate measure-
ment of the specific rate constant £ over an
extended temperature range, which is critical in
the determination of reliable activation param-
eters from the usual Arrhenius plot.

Experimental

(A) Preparation of N,N-Dimethyl Carbamyl Fluoride
(DMCF)
This compound was prepared by an exchange reaction
between equimolar amounts of N,N-dimethyl carbamyl
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(@ k=0 ;;JU\—J (b)

-

Fi1G. 4. Intramolecular exchange lineshape function,
V(x), for the X-part of an ABX (Jax = 0) spectrum:
(@ Jex > Jax > 0; (b) Jpx > 0, Jax <0, and Jpx >
| JAX ! .

bromide (DMCB) and AgF, using acetonitrile as solvent,
at room temperature. The yield was low (~15%), how-
ever, and hence use of SbF; as a fluorinating agent (35)
allows a more efficient preparation. DMCB was obtained
by saturating ~10 g of N,N-dimethyl carbamyl chloride
with HBr (36) at 0 °C. A N, stream was used to remove
any HCI or Cl; formed and significantly increased the
product yield. DMCF was purified by a spinning-band
column distillation at 760 mm and 121 °C, the final
product giving the elemental analysis: C 39.81 (39.58),
H 6.58 (6.59) and F 20.68 (20.88), the values in par-
entheses being the calculated mole percentages for
C3HgNOF.

(B) Variable Temperature Nuclear Magnetic Resonance
Spectra

The 'H n.m.r. spectra were obtained at 100 MHz with
a Varian HA-100 spectrometer equipped with a V-6031
variable-temperature probe and temperature controller.
The V-6031 controller maintains a preset temperature
for the N, gas héating or cooling the sample, and the gas
temperature is sensed at about 5 cm from the sample
volume in the spectrometer receiver coil. Thus the
sample temperature was measured before and after
recording a spectrum using a standard methanol (or
glycol) sample and interpolation of the —OH chemical
shifts obtained in HA-mode using the data of Van Geet

(37). The temperature thus determined is estimated to be
accurate to +0.3 °C and was shown to be stable, within
these limits, over a period of about 20 min. The spectra
were recorded at sweep rates of 0.02 or 0.05 Hzs™! to
best approximate steady-state conditions, and with a low
amplitude r.f. field (~0.02 mG) to minimize lineshape
distortion due to saturation effects (5). At each tem-
perature, to ensure reproducibility, at least four spectra
were digitized and stored using a Fabritek FT-1074
computer interfaced with the HA-100. The interface unit,
constructed in our laboratory, consists of a high input
impedence differential amplifier for isolation of the A-D
converter, logic circuitry for direct frequency calibration
of the digital data and a digital/analog read-out for
control of the HA-100 recorder. All frequencies were
measured, using the V-4315 counter, with reference to
TMS as an internal standard. An optimum H, field
homogeneity was maintained over the temperature range
—20 to 80°C corresponding to a 0.4 Hz resolution
(T, = 0.8 s) and a reference lineshape that best approx-
imated a symmetrical Lorentzian shape. Dioxane
(~2 mol%) was used to give an internal reference line,
at a convenient frequency with respect to DMCF, and
this linewidth was used to define the effective transverse
rslaxation time in the absence of chemical exchange, T,
for DMCF. Wilmad PS-505 5 mm thin-walled sample
tubes were used to attain reproducible spinning char-
acteristics and field homogeneity control.

Lineshape measurements were made for DMCF as a
16.5 mol%; solution in CCl,, this solvent being chosen
to minimize solvent-solute interactions (38). Solute—
solute interactions are minimized in dilute solution. A
dilution of DMCEF is limited, however, by a decrease in
the already small N-methyl chemical shift difference, 2Q,
for solute concentrations below the above value. The
n.m.r. sample was degassed by the usual freeze-pump-
thaw method, and sealed under N, at ~1 atm to prevent
refluxing at the elevated temperatures required.

(C) Computation of Lineshapes

The 'H n.m.r. spectrum of DMCF corresponds to the
A;B; part of a first-order A3;B3X (Jag = 0) spectrum
and hence may be analyzed as the AB-part of an ABX
(Jas = 0) system, as described in detail in the preceding
section.

A Fortran-IV program designated GPLONK has been
developed for the efficient iterative fitting of theoretical
absorption mode multi-site exchange lineshapes to digital
data. This program is based upon eq. 22a of ref. 5, which
follows directly from the matrix formulation of the
complex lineshape function, G(x), c¢f. eq. 4 above. The
input consists of (/) N experimental intensities (40-100)
with arbitrary indexing, (ii) frequency calibration data,
(iii) a baseline correction parameter, (iv) a specific
normalization data point, (v) the linewidth of the internal
reference line, and (vi) data defining the initial matrices
K and Q, and also the vectors P and 1, in eq. 4 above.
The iterative fitting relies upon a rapidly convergent
search using optimized parameter increments, where the
rate matrix is varied following the general procedure
outlined in ref. 5. An optional variation of spin-site fre-
quencies is available, for the checking of temperature
dependence. “Best fit”’ parameter values correspond to
the usual sum of squares of deviations (39), while the
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lineshape fitting error is most conveniently considered as
e = (1/N)ZV_; [V'(x)) — V(x)]/V/x, where V’(x;) and
V(x;) are the normalized experimental and theoretical
intensities, respectively, for the frequency x;. For the
4 spin-site DMCF exchange system, the time for a
complete fit and setting up of control arrays for a
CALCOMP plotter on an IBM 360/75 system is less than
6 s, and this time is essentially independent of the number
of data points involved as it is governed by the 4 x 4
matrix diagonalization and inversion in eq. 4 above.

(D) Calculation of Activation Parameters

The activation energy, E,, for the hindered rotation
in DMCF was determined from a least-squares fit to the
usual Arrhenius equation

[5] logk = —E,/2.303 RT + log 4

where k is the first-order rate constant describing the
rotation at temperature 7 and A4 is the frequency factor
for the rate process. A thermodynamical formulation of
reaction rates (40) shows that the enthalpy and entropy
of activation are given as

[6] AH* = E, — RT
and
[7] AS* = R [2.303 log (Ah/kT) — 1]

respectively, assuming E, to be temperature independent.
In eq. 7 & is Planck’s constant and k is the Boltzmann
constant. The free energy of activation, AG #, is then
determined as AG* = AH* — TAS* at 298 °K. The
overall errors quoted for the activation parameters have
been estimated from the statistical limits of 95% con-
fidence for E, and 4 (39) and a study of the systematic
errors (41, 42) involved in the determination of the
k values used in eq. 5.

Results and Discussion

In the A;B; part of the A;B;X spectrum for
DMCEF the methyl group trans to the carbonyl
oxygen, A,, is assigned to low field of the B,
group; as the former methyl group, in the planar
molecular ground state, is within a shielding
region associated with the magnetically aniso-
tropic carbonyl group (43). A similar assignment
for DMF (12) has been shown to be correct
through use of the nuclear Overhauser effect (44);
and also, the magnitude of the trans coupling
constant, Jgx according to the above assignment,
is shown to be greater than that of the ciscou-
pling, J,x, which is normal (33, 45) for substituted
amides. The couplings determined for a dilute
solution of DMCF in CCl, are J,x = 0.30 +
0.05 Hz and Jgx = 0.80 + 0.05 Hz, the corre-
sponding values for DMF being 0.35 and 0.06 Hz.
Comparison with the related acetyl compounds
CH,CFO (Jyr = 7.6 Hz (42)) and CH,CHO
(Jun = 2.9 Hz) shows the effects of the interposed

N atom and the N—C partial double bond
character, due to delocalization of the N lone
pair electrons, in the amide systems. Assuming
the hybridization (s-character) to be similar for
n-bonding in DMCF and DMF, the relative
magnitudes of Jzx and changes with respect to
the acetyl systems may be considered to be
directly related to the detailed form of the =-

F H
. s /
bonding in the N—C and N—C groups.
AN \0

Thus it is seen that the N-C double bond
character is significantly greater for DMF, as
Jex(DMF)/Jyy = 4.8 and Jgx(DMCF)/Jyr = 9.5,
and hence the barrier to hindered rotation about
this bond is predicted to be higher in DMF. In
fact, this is shown to be the case as the activation
energy for hindered rotation in DMF is 20.8 +
0.6 kcal mol~* (12) and the activation energy for
DMCF has now been determined as 18.3 +
0.6 kcal mol™?, ¢f. Table 3.

The couplings J,x and Jgx in DMCEF are tem-
perature independent within +0.05 Hz, as de-
fined by the iterative lineshape fitting procedure;
and for the 16.5mol% CCl, solution, these
couplings averaged to 0.55 + 0.05 Hz at 78.2 °C
in excellent agreement with the value expected
for an AgX spectrum in the fast exchange limit.
Furthermore, the observed exchange modified
lineshapes unambiguously lead to the conclusion
that the signs of these couplings are the same.
For example, in the region of coalescence at
44.9 °C the “‘best-fit’’ errors for the same and
different signs were 1.2 and 2.0%, respectively,
exemplifying the precision that may be attained
through a total lineshape analysis. A typical
experimental lineshape at this temperature is
shown along with the corresponding ‘‘best-fit”’
theoretical lineshape in Fig. 5. At this point, it
should be mentioned that the spin-spin couplings
between methyl protons and the '*N spin have
been neglected in the lineshape analysis. Although
a 'H-{"*N} double resonance study of N-
substituted amides indicated that these couplings
were negligibly small, the data available from
further studies using !*N-amides (34) leads to
the *N coupling constants Jy, and Jyg of 0.7
and 0.8 Hz, respectively. However, it may safely
be assumed that the methyl protons are com-
pletely decoupled by the quadrupolar *N spin—
lattice relaxation process (46, 47).
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53.8
5.12

62.7
9.55

Fi1G. 5. Comparison of experimental and theoretical
exchange lineshapes for DMCF.

In general, indirect spin-spin couplings are
relatively insensitive to intermolecular inter-
actions. In the case of a highly polar amide such
as DMCF (p = 4.02D (48)) in a non-polar
solvent, however, electrostatic solute-solute in-
teractions may stabilize the polarized ground-

®
state resonance form N—C—F. An increased
o-
contribution from this structure then leads to an
enhanced coupling between the '°F spin and
methyl protons due to the change in N—C
double bond character. Such an effect has been
observed in that Jgx = 1.10 + 0.05 Hz for neat
DMCEF, as determined from a complete lineshape
fit at —15 °C. This is an increase of about 40%
over the same coupling for dilute CCl, solutions
¢f. Table 2, and thus it appears that the CCl,
solvent breaks down a specific solute-solute
interaction, probably leading to a simple dimeric
form (11), between DMCF molecules. As this

TaBLE 2. 'H n.m.r. data for DMCF, (H3C)2N|CIF

(a) 16.5%; solution in CCl,

Temperature (°C) oo (Hz)* 2Q (Hz)t
—15.2 —295.15+0.05% 2.20+0.05¢
-5.5 —294.75 2.10
8.3 —294.40 2.00
15.6 —-294.10 1.90
30.2 —293.55 1.75
44.9 —293.15 1.70
53.8 —292.80 1.60
62.7 —292.60 1.50
—78.2 —292.15 1.40

Jsx = 0.80 + 0.05, Jax = 0.30 + 0.05 Hz}

*wo = (1/2)(ws + @p), determined with respect to TMS internal
reference at 100 MHz and constant field.
Q = g — Wy, see text and ref. 5.
iThese error bounds are those used in the iterative lineshape fitting
procedure.

(b) 7.5% solution in CCl,

2Q = 3.6 + 0.1 Hz (220 MHz) at 22 °C
=1.6+0.1 (100 MHz) 24°C
Jnx = 08, JAX = 0.3 Hz
(c) Neat DMCF
= 1.2 + 0.1 Hz (100 Hz) 30 °C
JBX= l.l,JAx= .4 Hz

coupling constant is unchanged on further dilu-
tion, as shown in Table 2, it may be assumed that
the dimer concentration is minimal for the 16.5%;
solution chosen for an accurate determination of
kinetic parameters.

Chemical shifts are usually more sensitive to in-
termolecular interactions, and indeed the chemi-
cal shifts for the methyl groups in DMCEF (and the
shift difference 2Q) are solvent-, concentration-,
and temperature-dependent, as shown in Table 2
and Fig. 6. These chemical shifts are predomin-
antly due to the combined effect of the magnetic
susceptibility anisotropies associated with the
C—F and C=0 bonds. It may be considered
that the NCO and NCF bond angles are both
close to 120° for approximately regular sp®
hybridization of the C atom,! and thus the small
methyl chemical shift difference (~0.01 p.p.m.)

1The structure of DMCF has not been determined
experimentally, but comparison of the structural data
available for formamide (49), acetaldehyde (50), and
acetyl fluoride (51) leads to £~ NCO = 128° and
L NCF = 112.5°. These bond angles also correspond to
a minimum energy configuration in the CNDO/2
s.c. approximation (52).
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FiG. 6. Temperature dependence of N-methyl chem-
ical shifts for DMCEF, 16.5% in CCl,, at 100 MHz.

implies that the charge distributions localized in
these two bonds are of similar forms as the
methyl groups cis and trans to the carbonyl group
are in shielding regions having very nearly iden-
tical characteristics. This is to be compared with
the shielding regions for the methyl groups in
DMF, due to a carbonyl group only, giving
2Q = 17.5Hz at 100 MHz (~0.2 p.p.m.). As
the C=O0O magnetic anisotropy is due to the
axially asymmetric m-electron distribution in this
group, it follows that delocalization of fluorine
2pm-electrons, as represented by the resonance
®
form N—(lle, may be significant in the ground-
o-
state of DMCF. The small temperature depen-
dence of 2Q may be ascribed to an intermolecular
dipolar association which affects the magnetic
anisotropies of the C=0 and/or C—F groups
and which varies to a small extent with tem-
perature. It should be noted that this temperature

dependence, as determined from the complete
lineshape analysis for DMCF in CCl,, is only

0.008 p.p.m. over the temperature range —15.1
to 78.2 °C. All chemical shift variations, within
+0.05 Hz, were shown to be regular and repro-
ducible over multiple lineshape fits, ¢f. Fig. 6.
The first-order rate constants, k s~ 1, describing
the hindered rotation about the N—C bond for
DMCF as a 16.5 mol% solution in CCl, are
listed in Table 3. These rate constants are average
values obtained from multiple complete lineshape
fits at each temperature. The corresponding tem-
perature dependent chemical shifts are those
given in Table 2, while the couplings J,x and Jgx
were assumed to be temperature independent.
Because of the very small chemical shift difference
2Q involved, the temperature interval for reliable
k determinations is reduced to 66 °C and the
overall k variation is only of the order of 200.
The errors for the representative lineshape fits
shown in Fig. 5 are maximal for very slow and
very fast exchange? as accurately reproducible
spectra for the DMCEF four-site exchange system
are very difficult to obtain in these limits, even
with the stability afforded by a field-frequency
locked spectrometer. For example, the average
k value at 30.2 °C is 0.550 s~ ! whereas six line-
shape fits at this temperature gave values ranging

TaBLE 3. Kinetic data for DMCF,

(H3C)2NﬁF
Temperature (°C) k(™) Error*

12.2 0.076 4.4
15.6 0.159 4.2
30.2 0.550 3.7
32.5 0.692 4.1
37.6 1.99 2.2
44.9 2.29 1.2
46.5 2.57 1.3
53.8 5.11 1.3
62.7 9.55 3.9
78.2 26.3 4.6

E, = 18.3 + 0.6 kcal mol—*

logloA =12

0.

9
AH+ = 17.7 *+ 0.6 kcal mol~*
AS+= —14 % 2.1 cal deg~! mol~*
AG+ = 18.1 + 0.6 kcal mol~!

*Percentage error for iterative lineshape fit, see text.

2These deviations may also arise from inherent in-
adequacies in the formulation of the lineshape function
V(x), such as the assumption of equal transverse relaxa-
tion times for all spin-sites in the absence of exchange.
These relaxation times may be modified by time-
dependent anisotropic chemical shift and anisotropic
dipole-dipole interactions (54) and also by a cross-
relaxation arising from these two interactions in DMCEF.
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from 0.362 to 0.944 s™! with fitting errors of
3.5-6.2%;. The resultant Arrhenius plot, however,
is most satisfactory and is shown in Fig. 7. The
activation parameters derived from the tempera-
ture independent Arrhenius constants, E, and
log A4, and evaluated at 25 °C are given in Table 3.

For hindered rotations in amides the entropy
of activation AS¥ derived through complete
n.m.r. lineshape analyses is normally relatively
small; and in general, as increasing care is taken
to remove systematic errors in obtaining kinetic
data for a given rate process using n.m.r. methods
the values of E, and log 4 tend to increase (12, 41)
leading to a value of AS* close to zero. This
entropy change is most probably due to a differ-
ence in the solvation structures, formed by dipolar
solute-solvent association, for the ground and
transition states of an amide. Such an association
between the strongly polar DMCF and CCl, is
possible, to some degree, through induced polar-
ization of the solvent molecules. Therefore, if a
solvation effect is dominant, a small increase in
entropy is expected on formation of the transition
state in amides as the dipole moment for this
state is smaller than the moment for the ground
state (52). For example, the calculated dipole
moments, using s.c. theory, for the ground and
transition states of carbamyl fluoride in min-

1.6 1

0.8
=
o
<
—-— 0.0_
-0.81
-161
28 30 32 34 36
1/7°K x103

F1G. 7. Arrhenius plot for hindered rotation in
DMCEF, 16.5 mol% in CCl,.

imum energy configurations are 3.98 and 3.41
D, respectively, which may be compared with
the experimental value of 4.06 D (24). The entro-
py of activation determined here for DMCEF,
AS* = —1.4 + 2.1 cal deg™ ! mol ™}, is formally
negative but may only be considered to be very
small. For the hindered rotation under considera-
tion, a free energy change is expected to be
determined primarily by intramolecular effects
and hence this activation parameter is much
simpler to interpret than the energy of activation
which is sensitive to intermolecular effects. It is
well known that there is a general tendency in
rate processes in solution for enthalpy and
entropy changes to compensate each other (53)
so that the effective change in free energy is
reduced and hence becomes less sensitive to
external effects. The free energy of activation for
DMCEF has been determined as AG* = 18.2 +
0.6 kcal mol~! and this particular parameter will
be used in a forthcoming correlation of the
bonding characteristics in a complete series of
C-substituted N,N-dimethyl amides.
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