Ring size configuration effect and the transannular intrinsic rates
in bislactam macrocycles
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We have synthesized compounds: N-(2-aminoacetyl)-2-pyrrolidone (1) and N-(2-aminoacetyl)-2-piperidone (2).
When these compounds are dissolved in aprotic or protic solvents a fast equilibrium ca. 1:1 between the cyclol form
(tetrahedral intermediate) and the bislactam macrocycle is established. The same result has been reported previously
for N-(2-aminoacetyl)-2-caprolactam (3). For compounds 2 and 3, dynamic '"H-NMR (using the methylene signals
a to the carbonyl and to the amino group) through spectrum simulation has been used to evaluate the exchange
between the two mentioned forms at different pH. However, for compound 1 the exchange was evaluated using
magnetization transfer technique. The more stable bislactam configuration of the macrocycle form in compounds 2
and 3, is the trans—cis (one lactam with the cyclic alkyl chains trans oriented and the other cis oriented). However,
the same form for compound 1 has a more stable cis—cis bislactam configuration. This difference in configuration
induces substantial changes in the appearance of the methylene "H-NMR signals that precludes the use of line-shape
analysis to evaluate the rates. The rate law for the proposed mechanism of exchange between the cyclol form and the
macrocycle is: K = [macrocycle])/[cyclol] = ks K ops.r = Koko[H,OV[H 1k, K J[H'] = K,k [H,0)k_,K,; where K, is the
acidity equilibrium constant of the cyclol form, K, = 107"* M? and k, and k_, are the second order rate constants for
the specific exchange catalysis. Therefore, both, the macrocycle formation (k) and the cyclol formation (ky,,) are
specific base catalyzed; however the equilibrium constant is independent of pH. Since K is ca. 1, the AG” associated
with the measured rate constants represent the intrinsic barrier for this non-identical thermoneutral transformation
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where a cleavage of a tetrahedral intermediate is involved. The activation energies associated with the reverse rate
constants then correspond to the intrinsic barrier for transannular cyclolization.

Introduction

Continuing with our effort' in preparing stable tetrahedral
intermediates and measuring their intrinsic rates, we have syn-
thesized N-(2-aminoacetyl)-2-pyrrolidone (1) and N-(2-amino-
acetyl)-2-piperidone (2) and followed their intramolecular
interconversions in D,O using dynamic '"H-NMR. When com-
pound 2 is dissolved in D,0O a fast 1:1 equilibrium is established
between the corresponding tetrahedral intermediate 2a and the
diamide macrocycle 2b (n =2 in Fig. 1). The open form 2¢ could
not be detected by "H-NMR. This result is similar to the one
previously found?® for N-(2-aminoacetyl)-2-caprolactam (3) in
which 3a is identified in the "H-NMR spectrum by the typical
AB system that form the non-equivalent geminal methylene
protons vicinal to the carbonyl and to the amino group (see
Fig. 1). The same protons in 3b are also non-equivalent due to
the fact that the more stable configuration of the bislactam
macrocycle (orientation of the cyclic alkyl R on each lactam:
RCONHR) is the trans—cis one and its transformation to the
cis—trans form is slow in the "H-NMR time scale. The trans—cis
= cis—trans transformation is slow due to the fact that the two
amide-nitrogen electron pairs have to be rotated from their ideal
conjugated positions in order for the transformation to occur.
A similar slow transformation has been reported* for the sym-
metric bislactam macrocycle: 1,6-diazacyclodecane-2,7-dione.
In the cis—trans configuration of 3b one of the methylene
protons lies aligned with the carbonyl group and the other
perpendicular to the carbonyl causing an important anisotropic
effect that shifts its resonance frequency to high field. There-
fore, an AX system instead of an AB one is observed for these
methylene protons of 3b. When the pH is increased, a specific
base catalysis is experimentally observed by means of the
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Fig. 1 Possible isomers present at equilibrium for compounds 1, 2 and
3 (n=1, 2 and 3). The isomers are assigned by the chemical shift and
multiplicity ("H-NMR) of the methylene protons shown in the figure.
An AB system is typical for the form a (cyclol).

'"H-NMR signals broadening for both systems: AB and AX.
Using line shape analysis, the broadening of both systems can
be followed independently, and their pseudo-first order rate
constants for their corresponding transformation obtained.
Since the 3a — 3b equilibrium constant remains unchanged in
the pH interval of study® (4 < pH < 12), a mechanism in which
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3a is transformed to 3b from its conjugated base 3a~ (rate limit-
ing) has been proposed. According to the mechanism, the equi-
librium constant should be independent on pH since: K = [3b]/
[3] = ks dkops.r = ka[HyOY[H Nk K J[H'] = ky[H,0Vk ,K,. As
mentioned above, compound 2 behaves similar to 3, and its
specific catalyzed rate constants k, and k_, and the correspond-
ing uncatalyzed ones k, and k_, are reported in this work. Since
the equilibrium constant K = [2b]/[2a] is ca. 1, these measured
rates are the intrinsic rates for these non-identical thermo-
neutral reactions and their AG™ values can be regarded as the
intrinsic barriers for these transformations that are valuable
since quantitative extrapolation to the actual activation energy
for the non-thermoneutral reaction can be achieved using
different approaches.>®

For compound 1, one of the methylene signals a to the
carbonyl and to the amino group corresponds to the cyclol
la (Fig. 1). However, the other observable 'H-NMR signal
appears quite different in the 'H-NMR spectrum as compared
to the ones assigned to 2b or 3b (AX system). In fact a singlet
is observed instead for the AX system. The more stable
cis—cis configuration of the eight-membered ring bislactam 1b
configuration in principle makes this signal indistinguish-
able from the open form 1lc (see Fig. 1). However, the final
signal assignment is made using kinetic criteria. A final resumé
for the intrinsic rates and barriers for the intramolecular
interconversions of 1, 2 and 3 at 25 °C are given.

Experimental and results
Synthesis and "H-NMR signal identification

N-(-2-aminoacetyl)-2-pyrrolidone (1). Compound 1 was syn-
thesized following the procedure previously reported.”” How-
ever, the following modifications of the original methodology
were implemented: In the preparation of the N-(-2-azido-
acetyl)-2-pyrrolidone from N-(-2-chloroacetyl)-2-pyrrolidone,
acetonitrile was used as a solvent instead of a 3:2 mixture
of acetone-water. In the reduction of N-(-2-azidoacetyl)-2-
pyrrolidone, ethylacetate was used as a solvent instead of
methanol. Reduction was carried out at 20 psi H, instead of 40
psi. At 40 psi H, in methanol, a rupture of the reaction mixture
to 2-pyrrolidone and glycine was observed. The reaction
product N-(-2-aminoacetyl)-2-pyrrolidone was characterized
by mass spectroscopy, UV, IR and 'H-NMR:

Mass spectrum: m/z 142 (molecular peak), 114, 96, 86, 69 and
37; UV (H,0)/nm: 202-204 and 217-220; IR/cm™": 3590, 3376,
1702 and 1742; '"H-NMR (CDCl,): 2.10(m, 4H), 2.30(t, 2H),
2.60(t, 2H), 3.40(t, 2H), 3.8(t, 2H), 4.00(s, 2H), 4.60(AB, 2H).

The '"H-NMR is quite simple and different from what we
have obtained?® for compound 3 and compound 2 (this work).
As pointed out in the Introduction, the possible isomers present
in equilibrium are easily identified by the "H-NMR signals of
the methylene group attached to the carbonyl and to the amino
group (Fig. 1). In the case of the tetrahedral intermediate form
(cyclol form), these signals appear as expected as an AB system
(v,=1843 Hz, v, = 1837 Hz, /=9 Hz in a 400 MHz magnet) due
to the molecule asymmetry that makes the two geminal protons
non-equivalent. However, these signals become a singlet in
D,0 due to high sensitivity of this AB system (Av,, = 6 Hz and
J =9 Hz) to the exchange rate. This signal thus represents
compound la. However, there is only one other extra signal
attributable to methylene protons that appears as a singlet at
4.00 ppm. In principle, this signal can not be assigned to the
macrocycle diamide since the same protons for 2b and 3b
appear as two different signals coupled between them and with
a difference in chemical shift >1 ppm. This fact, led us? to
assign this signal to the open form 1lc, in which a singlet
should be expected due to the internal free rotation of the
molecule . However, as we will discuss later, the last singlet
signal could also be attributed to 1b since the bislactam

macrocycle configuration is the cis—cis (instead of cis—trans as
in 2b and 3c¢) in which the methylene protons are rapidly inter-
converted on the NMR time scale. In the discussion we will
argue this matter further.

N-(-2-aminoacetyl)-2-valerolactam (2). Compound 2 was
synthesized according to the procedure reported by Rapoport
et al.” Since the '"H-NMR is quite similar to that of 3, previ-
ously? characterized, only '"H-NMR data is reported: '"H-NMR
(CDCly): 1.75(m, 4H), 2.32(m, 2H), 2.72(AX, 1H), 3.28(m,
2H), 4.03(AX, 1H), 4.30(AB, 2H).

The 'H-NMR spectrum is quite similar to the one reported’
for 3. In fact, the methylene protons o to the carbonyl and to
the amino group of 2a appear as an AB system centered at 4.30
ppm with the following characteristics: v, = 1278 Hz, v, = 1310
Hz, J = 13 Hz. These values (slow exchange conditions) were
used to perform simulations in D,0. The signals for the same
protons in the structure 2b (macrocycle diamide) appear at a
different chemical shift forming an AX system. One of the
diasterotopic protons appears at 4.03 ppm as a multiplet and
the other at 2.72 ppm. Therefore, there is a difference of
1.3 ppm between the two geminal protons. We have attributed ®
this difference to an anisotropic effect induced by the carbonyl
group. The most stable configuration® for the bislactam 2b is
the cis—trans one that forces one of the geminal protons (A) to
be aligned to the carbonyl group and the other (X) perpendicu-
lar to it. These signals are coupled and each one is additionally
coupled to the two amide hydrogens. The coupling constants
obtained from the 'H-NMR in CDCI; and double irradiation
experiments are: J,x = 10 Hz, Jong = 3 Hz, Joconu = 3 Hz,
Jxnu = 7 Hz, Jxcong = 3 Hz. These values (slow exchange
conditions) were used to perform simulations in D,0O.

Dynamic NMR and rate constants

N-(-2-aminoacetyl)-2-valerolactam (2). The k_, values for the
interconversion between forms 2a and 2b at 25.0 °C and at
different pD (pD = pH + 0.4),° were obtained using simulations
according to the equation of Fung and Olympia '° (for 2a trans-
formation, the AB system coalescences) and the gamma pro-
gram developed by Ernst ef al.' (for 2b, the A and X system
coalescence). A 300 MHz BRUKER instrument was used to
obtain the experimental spectra. As for the case® of compound
3, a tendency of both AB and AX systems to coalescence was
observed when increasing pD. Therefore, specific base catalysis
is operating in kg ; and also in kg, which makes the
equilibrium constant K = ks kb = [2b]/[2a] independent on
pD, as experimentally observed by the relative signal inte-
grations for 2a and 2b, in the pD range of the study. The reac-
tion mechanism, as we have proposed? for the transformation
of 3a and 3b forms, is shown in Fig. 2, where K = kg, dkopsr =
k,[D,O]K,/k_,K,, where [D,0] = 55.5 M, K, is the acidity
equilibrium constant for the conjugated acid of 2a (pK,*=13.2)
and K, = 1 x 107" M2 The k, and k_, values have been
obtained through out best fitting of the experimental points in
a ks vs. pD profile (not shown) to the equations: kg s = ko +
KIH'] and kg, = k_y + Kk'/[H"], where k, and k_, are the
uncatalized rates, obtained directly at the level of low pD in the
kops vs. pD profile, k = k,[D,0O]K, and k' = k_,K,,. The k, and k
values are: 1.0s 'and 1 x 10 > M s ! and the k_, and k' values
are: 1.5s7"and 3 X 107° M s™". Therefore, k,=1.4 x 10> M~'s™!
and k_,=3x10°M™'s7",

N-(-2-aminoacetyl)-2-pyrrolidone (1). As described above in
Synthesis and ' H-NMR signal identification, when compound 1
is dissolved in CDCl, and in D,O there are two conformers in a
ratio ca. 1:1. One of these conformers is the cyclol 1a and the
other one is either the open form 1c or the macrocycle 1b. These
conformers are recognized by means of the "H-NMR signals of
the methylene protons attached to the carbonyl group and to
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Fig. 2 Interconversion mechanism between forms 2a and 2b.
According to the proposed mechanism, the rate law is given by: K =
[2b)/[2a] = kopsdkopsy = k2K [BH)/k_,K,. Therefore, the equilibrium
constant K (B = OH) is independent on pH but kg, and kg, are
specific base catalyzed, as it has been experimentally found.The same
mechanism is proposed ® for the interconversion of 3a = 3b (1 = 3) and

1a = 1b (this work).

the amino group. The AB signal at 4.60 ppm corresponds to the
cyclol form and the singlet at 4.00 ppm corresponds either to 1c
or to 1b. The assignment of the singlet to the open form 1c is
more likely because a singlet should be expected for this form
due to the intramolecular free rotation that makes these two
protons equivalent on average. As we will see in the Discussion,
the above argument proves to be naive based on the difference
in the bislactam configuration stabilities in 1b when compared
to 2b and 3b. In fact the configuration of the bislactam macro-
cycle of 1b is cis—cis. This means that the methylene protons
rapidly interconvert appearing in the NMR as a singlet. The
same interconversion for 2b and 3b is slow because slow
rotation on each lactam system is required in order to accom-
plish the cis—trans — trans—cis transformation. Therefore the
macrocycle structure 1b can not be discarded and the observed
singlet could be assigned to this form. Independent of which
form is responsible for the observed singlet, the kinetics of the
interconversion between the two observed conformers of 1, can
be followed by dynamic "H-NMR. However, line shape analysis
can not be used since the two signal (4.00 ppm and 4.60 ppm in
CDCl; and 4.18 and 4.58 in D,0) at 400 MHz, will require rates
>160 s" in order to observe coalescence. Since the pseudo first-
order rates values under the condition of the study are quite
lower than the above value, the line shape method has to be
discarded as the kinetic technique. However, magnetization
transfer '>"3 is suitable to follow the exchange between the
two signals. A 400 MHz JEOL Eclipse instrument was used to
obtain the T, values and to perform the magnetization transfer
experiments. Rates constants were then obtained by means of
saturation of one of the signals and observing the decrease in
intensity (I) of the other signal relative to its intensity value (/°)
without saturating the first signal. The decreased intensity frac-
tion is then equal to: (I°— F)/I° = —k p/(kows + 1/T,); Where kp,
is the rate constant of formation of the form that is being
irradiated and 7', the observed signal longitudinal relaxation
time at 25 °C and at each pD (maintained with phosphate
buffer, general catalysis was not observed). Measured T, values
are in the range: 1.5-1.7 s. Therefore, the obtained rate con-
stants are meaningful in the range ca. 0.1-15 s7'. Two kgt Kopss
and k., were obtained at each pD. Plots of k,,, vs. pD are
shown in Fig. 3. As shown, both ks and k,,,,, are uncatalyzed
and specific base catalyzed. From best fitting of the experi-
mental points to k. = k, + k/[H'], the k, (k_, from k)
values and the apparent k (k' from k) values were obtained.
In Fig. 4 the k¢ vs. pD best fitting is shown. The k, were
obtained directly from the k. vs. pD plots and the k, values
(see proposed mechanism, Fig. 2) from the apparent rate
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Fig. 3 kg, (s™") values for the diamide formation (k,, ;, triangles) and
the cyclol formation (kg,,, squares) at 25.0 °C. Values obtained
independently using magnetization transfer (see Experimental). Note
that 1 < kgpsdkonsr = K < 2. By means of the signal integrations at each
pD, the same range for the equilibrium constant X is found.
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Fig. 4 ke vs. pD plot at 25 °C for compound 1. The experimental
points and the best fit to the equation: kg, = k¢ + A/[H*], with ko= 1.2
s™'and k=5 x 107° M s™". Best fitting of the experimental points at 7 <
PH < 8.5 may be obtained using the equation: kg, = k, + k/[H] x
[H')Y(H*] + 107°) + k'/[H"]. The second term corresponds to the
participation of the zwitterionic form of the cyclol form of pK, = 7.5.2

constant (k) obtained in the best fitting. The obtained values for
the formation of 1b or 1¢ are : k,= 1.2 s™" and k, = k/K,[H,0] =
5x10°Ms /107 M x 555 M = 7.1 x 10* M~' s7'. The
obtained rates of formation for cyclol 1a are: k_,=1. 2 s’ and
k,=k'IK,=4x107°Ms /1 x 107* M?*=4 x 10° M

Discussion

A fundamental point for the discussion is the correct assign-
ment of the singlet at ca. 4 ppm that appears in the "H-NMR
spectrum of 1. As mentioned above, two characteristic signals
are found in the '"H-NMR: the unassigned one (singlet) at 4
ppm and the one at ca. 4.6 ppm that has been properly assigned
to the cyclol 1a. An important factor for the assignment of the
signal at ca. 4 ppm is the actual configuration of the bislactam
1b. In Table 1 the energy® of the different configurations: trans—
cis, cis—cis and trans—trans of the diamide groups for the bis-
lactam macrocycles 1b, 2b and 3b are shown. The energy values
shown correspond to the molecular optimization via the total
energy (steric energy) minimization of the force field of the
MM + method.? It is evident that the most stable configuration
for the 9 and 10 membered macrocycles 2b and 3c is the trans—
cis one. In fact, this has been corroborated by the experimental
'"H-NMR observation in which the methylene protons attached
to the carbonyl amide and to the amino amide groups become
non-equivalent due to the slow rotation that interconvert both
protons through the trans—cis cis—trans transformation. This
originates as an AX system with an important separation
between the two signals due to an anisotropic effect induced by
the vicinal carbonyl group, as it has been confirmed in this work
for 2b and as it has been previously reported® for 3b. However,
for 1b the more stable configuration is the cis—cis one in which
the methylene protons become equivalent since they rapidly
exchange via pseudorotation. Therefore, for 1b a singlet should



Table 1 Steric energies (total force field energy for the MM+ method?®) for the three possible conformations of the two amide systems in
the macrocycles 1b, 2b and 3b. For the drawings the frans—trans configuration has been used. However, the more stable ones are: cis—cis for 1b, and
trans—cis for 2b and 3b. Energy ranges are the steric energy values obtained from optimization starting from different structure drawings of the same
configuration
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CH/N N N

“ﬁ% W W

H o H o H o

1b
cis—cis cis—cis cis-cis
1.93 kcal mol™! 6.30 kcal mol ™! 7.87 kcal mol ™!
trans—cis trans—cis trans—cis
3.99-5.27 kcal mol™! 2.94-6.30 kcal mol ™! 1.07-2.21 kcal mol™!
trans—trans trans—trans trans—trans

13.56-14.13 kcal mol ™! 8.10-12.31 kcal mol™! 8.28-10.57 kcal mol™!

Table 2 Equilibrium rate constants at 25 °C and energy values calculated according to the Eyring equation for the (a) cyclol = (b) macrocycle
transformation. k, and k_, are the uncatalyzed rate constants for the forward and reverse reaction and k, and k_, are the specific base catalyzed rate
constants for the forward and reverse reaction. The reported rate constants were obtained by best fitting of the k,,, vs. pD experimental points to the
general equations: ko, = ko + kK/[H'] and kg, = k_, + k'/[H'], where k = k,K,[D,0] and k' = k_,K,,. K, = 107> (from ref. 2), [D,0] = 55.5 M and

K, =1x107"* M2 n values refer to the lactam size as in Fig. 1: n = 1, five membered, n = 2, six membered and n = 3, seven membered

K =[1b)/ ks~ (AG7 /M s (AG?] ks (AG* k /M5 (AG?
System [1a] kJ mol™") kJ mol™") kJ mol™") kJ mol™")
la=1b(n=1) 1 1.2(72.4) 7.1 % 10% (56.6) 1.2(72.4) 4 % 105 (44.3)
2a=12b(n=2) 0.6 1(72.9) 1.4 x 10% (60.7) 1.5(71.9) 3% 10%(41.7)
32 =23b (n=3) (ref. 3) 0.5 2(71.1) 1.8 x 107 (59.8) 4(69.4) 1 X 10° (44.3)
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Fig.5 Mechanistic scheme showing the specific base catalyzed interconversion of the methylene protons H, and H,, of the two forms a (cyclol) and

b (macrocycle). For configurational and stereochemistry details see ref. 3.

be expected for the macrocycle methylene protons attached to
the carbonyl amide and the amino amide. Then, the signal at 4
ppm could be also assigned to 1b. To distinguish between 1c
(open form) and 1b (macrocycle) we must find another argu-
ment different from the 'H-NMR multiplicity one. The argu-
ment that allows us to distinguish the right form is a kinetic one.
If the observed exchange measured by magnetization transfer
is between la (cyclol) and 1b (macrocycle), an unchanged
equilibium constant K = [1b]/[1a] in the pD range of the study
should be obtained, since according to the proposed mechan-
ism of Fig. 2, K = ko dkopsr = Kuho[H,OV[H Vk_,K,/[H'] =
K,k,[H,O)k_,K,. However, if the exchange is between the
cyclol 1a and the open form 1e¢, the K value will become pD
dependent, since the pK, of the amino group of this form is ca.
8.7.2 For instance, if the mechanism is through the free amino
base but specifically base catalyzed, k,,,, will become pD
independent at pD < 8.7 and the K = kp, /kopsr pPD dependent
at these pD values. As observed in Fig. 3, the equilibrium con-
stant K is pD independent in the pD interval of the study.
Therefore, we conclude that what we have measured via magnet-
ization transfer is the exchange between the cyclol 1a and the
macrocycle 1b and that the signal at 4.0 ppm corresponds to the

methylene protons of 1b and not to lc. In Fig. 5 the general
mechanism for the exchange a = b for compounds 1, 2 and 3 is
shown.

In Table 2 we have summarised the rate constants and energy
barriers obtained in this work for the 1a — 1b and 2a — 2b
exchange and the ones for 3a = 3b, previously reported.® As
shown, the values are similar for the three systems. However,
there is a tendency in the equilibrium rate constant towards the
macrocycle when 7 (see Fig. 1) decreases and also in k, values
that may be related to the cyclol ring strain.
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