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We recently reported the enantioselective syntheses of quaternary 1,4-benzodiazepin-2-ones via
memory of chirality. The success of this method depends on formation of conformationally chiral
enolates that racemize very slowly under the reaction conditions. As a prelude to undertaking
experimental and computational studies on the racemization of these enolates, we have studied
the ring-inversion process of the parent 1,4-benzodiazepin-2-ones. In this paper, we use dynamic
and 2D-EXSY NMR to characterize inversion barriers. Using DFT calculations, we reproduce the
experimental results with high accuracy (within 1—2 kcal/mol). Structural parameters obtained
from DFT calculations provide valuable insights into the important effect of the N1 substituent on
the ring-inversion barrier and shed light on the mechanism of the memory of chirality method.
These measurements and calculations provide a foundation for future studies of benzodiazepine
enolates and will be valuable in the design of new memory of chirality reactions.

Introduction

1,4-Benzodiazepines are among the most important
scaffolds in medicinal chemistry.!~3 Representative mem-
bers of this class have shown activity as anxiolytics*® and
as antagonists of CCK-A,%7 GABA, receptor,® human
bradykinin B2,? and HIV-1 Tat receptors.!® These drugs
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have also proven useful as inhibitors of Ras farnesyla-
tion'! and Src protein tyrosine kinase'? and have shown
anti-arrhythmic activity.!® Therefore experimental and
computational studies of the conformational dynamics of
these drugs have intrinsic value. Furthermore, 1,4-benzo-
diazepine anxiolytics are known to exert their effect by
inducing a conformational change at the GABA(A) recep-
tor.1* The possibility that ring inversion of these drugs
plays some role in the induced conformational change of
the receptor provides additional impetus for our studies.

Most of the 1,4-benzodiazepines investigated to date
have been prepared from proteinogenic amino acid
derivatives or their enantiomers, and thus carry the
a-proton from its parent amino acid. Structurally related
enantiopure 3,3-disubstituted “quaternary” benzodiaz-
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SCHEME 1. General Reaction Scheme for the
Enantioselective Alkylation of BZDs??
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@ Standard protocol.2230 ®Although structure 3 contains no
permanent chiral center, it is transiently chiral due to the
nonplanar ring.

epines have rarely been explored,’® '8 despite their
potential usefulness, due to the fact that the correspond-
ing quaternary amino acids'® are generally not com-
mercially available.?’?! To enable the enantioselective
syntheses of “quaternary” benzodiazepines, we have
recently reported an enantioselective a-alkylation route??
that relies upon a “memory of chirality” mechanism.23-29
Our approach is shown in Scheme 1: the parent 1,4-
benzodiazepin-2-one (henceforth BZD) 2 is synthesized
from the corresponding proteinogenic amino acid 1 using
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FIGURE 1. Coalescence temperature study of compound
5a—e and computational study of their des-chloro analogues
6b—e.

a modification of Shea’s protocol.?° Deprotonation by base
at low temperature generates a chiral, nonracemic eno-
late 3, which is alkylated by electrophile with retention
of configuration to generate the 3,3-disubstituted BZDs
4 with high (up to 99%) ee.??

The success of this reaction is dependent upon the
following factors: (1) the conformational chirality of the
BZD ring that “memorized” the chirality of the stereo-
genic center at C3; (2) The formation of enolate 3 with
retention of chiral information in the ring conformation;
(3) the slow racemization of 3 via ring inversion under
the reaction conditions; and (4) the stereoselective elec-
trophilic trapping of 3 to form enantiomerically enriched
“quaternary” BZD 4.

In this paper, we will present physical and computa-
tional studies of the conformational chirality of the BZD
ring exemplified by 2. These studies will lay a foundation
for future studies of BZD enolates and provide insights
into the “memory of chirality” mechanism we have
proposed.

Results and Discussion

Coalescence Temperature Measurements of Gly-
cine-Derived BZD 5b—e. Despite the absence of a
stereogenic center, glycine-derived BZDs such as 5a—e
are chiral, as a consequence of the nonplanar ring
conformation (Figure 1).3132 At room temperature, the C3
protons of 5b—e exist as two discrete doublets in the 'H
NMR spectra. For 5a, the two C3 protons appear as a
broad singlet, indicating a fast ring inversion on the 'H
NMR time scale. The inversion barrier AG.* for 5a—d in
deuteriopyridine and hexachlorobutadiene has already
been determined by Lehn?®! using coalescence tempera-
ture measurements with 60 MHz NMR and the standard
equations.33735

In the studies conducted by Lehn3' and by Gilman,3¢
both authors noted that the inversion barrier of BZDs
depends on the size of the N1 substituent. We also
observed that the inversion barrier of BZDs increases
with increasing size of the N1 substituent in our pre-
liminary study of 5b and 5d.?2 However, Lehn’s reported
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TABLE 1. Coalescence Temperature Measurements of 5b—e and Their Corresponding Inversion Barriers®

compd signal Avb (Hz) Jagt (Hz) T4 (K) AG* ¢ (keal/mol) lit. value3!/ (kcal/mol)
5b C3—CH; 316 10.8 391 18.0 £0.2 17.8,17.68
5¢ C3—CH; 301 10.6 422 19.5 £ 0.2 19.3
Bn-CHy 232 15.8 416 19.5+£0.2 19.2
5d C3—CH, 306 10.6 >458" >21.3 19.2
i-Pr—CHs 89.4 0% 437 21.3+0.2 18.7
5e C3—CH, 238 10.8 458 21.5+0.2 N/A

@ The C3 protons of 5a appear as a broad singlet at room temperature, and we did not explore low-temperature decoalescence of 5a.
b The separation between the two coalescing proton signals at room temperature in Hz. ¢ The coupling constant between the two coalescing
proton signals at room temperature. ¢ Coalescence temperature. ¢ Inversion barrier, calculated from the coalescence temperature
measurements and eqs 1 and 2; the stated error reflects an uncertainty in 7, of + 3 K. / Lehn measured the coalescence temperature for
5b—d with 60 MHz NMR. ¢ These two numbers are both taken from Lehn’s original paper. » The C3 protons fail to coalesce at 458 K, the
highest attainable temperature of our 400 MHz NMR module. ! The lower bound value calculated using 458 K as coalescence temperature;
the estimated upper bound value is 21.7 kcal/mol, see text./ In our experiments, 5d clearly has a higher inversion barrier than 5¢, an
observation that differs from Lehn’s report. * The protons of the diastereotopic Me groups do not couple each other.

inversion barrier for 5d (18.7—19.2 kcal/mol) was sig-
nificantly smaller than our measured value (21.3-21.7
kcal/mol); furthermore, their value is smaller than that
of 5¢ and seems to depart from the overall trend of the
series. Therefore, we present here the details of our
coalescence temperature (T) measurement of 5b and 5d,
with new data on 5¢ and 5e, all of which were performed
in DMSO-dg at 400 MHz (Table 1). We estimate our
uncertainty in 7', as +3 K.

For 5b, the coalescence temperature for the C3 CH; is
391 K, corresponding to an inversion barrier of 18.0 +
0.2 kcal/mol. For 5¢, two sets of protons, C3 CH; and Bn
CH,, are brought to coalesce at 422 and 416 K, respec-
tively. Both of these coalescences indicate the same
barrier of 19.5 kcal/mol. For 5d, the coalescence temper-
ature of the i-Pr Me group was found to be 437 K, which
gives an inversion barrier of 21.3 kcal/mol. This number,
however, should only be taken as a lower bound because
the C3 CH; did not coalesce at our highest possible
operating temperature (458 K), indicating an inversion
barrier of greater than 21.3 kcal/mol. Qualitative com-
parison with spectra of 5b,c,e suggested that the coa-
lescence temperature of 5d is within 5—10° of 458 K (i.e.,
463—468 K), which gives an upper bound of 21.7 kcal/
mol. For 5e, the C3 CH; coalesced at 458 K, correspond-
ing to an inversion barrier of 21.5 kcal/mol. It should be
noted that although the measured inversion barrier for
5d is slightly lower than that of 5e, we are comparing
two different sets of protons in the process. The fact that
the C3 CH, of 5d fails to coalesce at 458 K shows that
5d should have inversion barrier of 21.3-21.7 kcal/mol,
comparable to that of 5e.

The results for 5b, reported earlier in our communica-
tion,?2 and 5c¢ are in close agreement with Lehn’s results.
Our measured value for 5d is definitely higher than that
of Lehn’s. In their study, the C3 CH; of 5d coalesced at
a temperature lower than that of 5¢, a result that is
difficult to reconcile. Our study in contrast shows a steady
increase in the barrier as the steric bulk of the N1
substituent is increased from Me to Bn to i-Pr.

DFT Calculations of Ring-Inversion Barriers of
Glycine-Derived BZDs. To better understand the ring-
inversion process of 5b—e, we performed density func-
tional theory (DFT) calculations.?”38 An excellent earlier
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FIGURE 2. Summary of Paizs’s calculations of benzodiazepine
ring inversion barrier at the BSLYP/6-31G(d) level.?° The ring
inversion barriers AE},* were calculated from the zero-point
vibrational energy corrected electronic energy Ey, in kcal/mol.

DFT computational study of BZDs was reported by
Paizs.? These authors focused mainly on the effect of the
annulated benzo and C5 Ph ring on the geometry of the
ring inversion transition structure and did not compre-
hensively explore the effect of the N1 substituent on the
ring-inversion barrier. Structures studied by Paizs, and
the computed ring-inversion barriers, are shown in
Figure 2. Paizs noted that the BSLYP/6-31G(d) level repro-
duced Lehn’s reported barrier of 5b to within 1 kcal/mol.

In our work, the equilibrium and ring-inversion transi-
tion geometry were optimized at B3LYP/6-31G(d). Vi-
brational frequencies were calculated at the same level
to determine the zero-point vibrational energies (ZPVE)
and the thermal corrections to the Gibbs free energies.
The calculated ring-inversion transition structures were
verified by their single imaginary frequency, the dis-
placement vectors of which corresponded to the distortion
from the “flat” transition structure toward the equilib-
rium geometry. The ring-inversion barrier is thus calcu-
lated by the corrected energy difference between the
transition structure and the equilibrium geometry. To
reduce calculation time, we substituted the des-chloro
BZDs 6¢—e for 5¢c—e in our calculations. The results are
summarized in Table 2.

(39) Paizs, B.; Simonyi, M. Chirality 1999, 11, 651—658.
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TABLE 2. B3LYP/6-31+G(d)/BSLYP/6-31G(d)-Calculated Inversion Barriers (kcal/mol) for BZDs 5b and Des-chloro

BZDs 6b—e®
B3LYP/6-31G(d) B3LYP/6-31+G(d)//B3LYP/6-31G(d)
compd N1 subs AEy* AEp*  AGF (298 K¢  AG* (T  AG* (T, DMSO)Y  exptl inversion barrier for 5b—e¢
5b Me 17.3 17.6 17.0 17.0 16.8 18.0 £ 0.2 (391 K)
6b Me 17.4 17.7 16.9 16.8 16.9 18.0 + 0.2 (391 K)
6¢c Bn 17.8 17.6 18.0 18.3 17.8 19.5 £ 0.2 (422 K)
6d i-Pr 20.2 20.2 20.7 21.2 21.6 21.3—21.7 (>458 K)»
6Ge CHPhy 18.9 19.2 19.5 19.8 20.8 21.5 + 0.2 (458 K)
RMSD! 1.5 1.4 1.3 1.2 1.1

@ All structures are optimized at the B3LYP/6-31G(d) level. For economy, the des-chloro BZD analogues 6¢,d were studied. The effect
of the Cl atom on the calculated inversion barriers is minimal, as seen from the first two rows. ® Calculated from electronic energies at
B3LYP/6, corrected by ZPVE. ¢ Calculated from electronic energies at BSLYP/6-31+G(d)/B3LYP/6-31G(d), corrected by ZPVE. ¢ Calculated
from the B3LYP/6-31+G(d) single point energy, including the Gibbs free energy correction calculated at BSLYP/6-31G(d) level at 298 K.
¢ Calculated from the B3LYP/6-31+G(d) single point energy, including the Gibbs free energy correction calculated at BSLYP/6-31G(d)
level at the corresponding coalescence temperature T.. / Calculated from B3LYP/6-31+G(d) single-point energy in DMSO using Tomasi’s
polarized continuum model (PCM), including the Gibbs free energy correction at 7. € The stated errors in the inversion barrier are based
on an estimated error in 7. of +3 K. For des-chloro BZDs 6b—e, the inversion barriers for their corresponding BZDs 5b—e are used.
Numbers in parentheses are the coalescence temperatures. * Based on the C3-CH; of 5d, the coalescence temperature is above 458 K,
which gives a lower bound value for the inversion barrier of 21.3 kcal/mol and an upper bound value of 21.7 kcal/mol. ¢ The root-mean-
square derivations of the calculated value from the experimental value for that method. The lower bound value of 21.3 kecal/mol for 5d

was used.

Our AE.* at BSLYP/6-31G(d) for 5b is within 1 kcal/
mol of that obtained by Paizs, who incorporated the ZPVE
correction at 6-31G rather than 6-31G(d). Comparison of
the inversion barrier of 5b and 6b (its des-chloro ana-
logue) shows minimal effect of the chlorine atom on the
resultant inversion barrier and thus our omission of the
chlorine atom appears justified. To compare our calcula-
tions for 6b—e with the experimentally determined values
for the chloro analogues 5b—d we calculated the single
point energies at BSLYP/6-31+G(d) and applied the Gibb’s
free energy correction at BSLYP/6-31G(d). The effect of
DMSO solvation was estimated using Tomasi’s PCM
model.“%4! In this way the deviation of the calculated
barriers for 6b—e from the experimental barrier for 5b—e
decreases from an RMSD of 1.5 kcal/mol for AE* to an
RMSD value of 1.1 for AG* (T, DMSO). Given the small
range of inversion barrier (3.5 kcal/mol) from 5b to 5e,
density functional theory performs reasonably well, repro-
ducing both the rank order and the inversion barriers
themselves. In contrast, we found that use of MP2/6-31G-
(d) single-point energies significantly overestimates the
inversion barrier (RMSD 2.7 kecal/mol, data not shown).

Calculated Structural Features of Glycine-De-
rived BZD Equilibrium Geometries and Ring-
Inversion Transition Structures. In addition to study-
ing the effect of the N1 substituent size on the inversion
barrier, we also studied its effect on the equilibrium and
ring-inversion transition structure geometries; DFT is
known to generate structural parameters comparable
with a higher level of calculations.*? Our initial assump-
tion was that increasing the size of the N1 substituent
would simply increase the unfavorable van der Waals
contact in the ring-inversion transition structures. How-
ever, as will be shown below, increasing size of the N1
substituent also appears to increase the inversion barrier
by partially disrupting amide resonance in the ring-
inversion transition structures (vide infra).

(40) Tomasi, J.; Cammi, R.; Mennucci, B.; Cappelli, C.; Corni, S.
Phys. Chem. Chem. Phys. 2002, 4, 5697—5712.

(41) Luque, F. J.; Curutchet, C.; Muiioz-Muriedas, J.; Bidon-Chanal,
A.; Soteras, 1.; Morreale, A.; Gelpi, J. L.; Orozco, M. Phys. Chem. Chem.
Phys. 2003, 5, 3827—3836.
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FIGURE 3. Calculated ring inversion energy profile for BZDs
6b—e. There are two ring-inversion transition structures, (M)-
6* and its enantiomer (P)-6*, due to the fact that the 6* is not
of C; symmetry. Note that the sign of the dihedral angle C6—
C7—N1-C2 defines the helical chirality descriptor (M or P);
the sign of this dihedral angle also matches that of C8—C7—
N1-C9 (Table 3).

The most important feature of the ring-inversion
process according to our calculation is that, in the ring
inversion transition structure 5b* and 6b*—e*, the
seven-membered BZD ring is nearly, but not perfectly
flat. This distortion from C; symmetry was seen by Paizs
for 5b*3° and indicates that in going from the (M)-
conformer to the (P)-conformer, there are two equiener-
getic pathways which pass through either one of the two
enantiomeric transition structures (Figure 3). To confirm
that these two enantiomeric transition structures indeed
connect the enantiomeric equilibrium geometries, IRC
calculations were performed using (M)- and (P)-6d* as
starting geometries. In each case IRC calculations found
the equilibrium geometries (M) and (P)-6d on opposite
sides of the potential.

Most of the dihedral angles of the BZD equilibrium
geometries show little change with increasing size of the
N1 substituent, except for the angles C8—C7—N1-C9

J. Org. Chem, Vol. 70, No. 5, 2005 1533
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(M)-6b*

(M)-6d*

FIGURE 4. Effect of N1 substituent size on the ring-inversion transition structure: The C2 carbonyl group and N1 i-Pr group
on 6d* are twisted out of plane to avoid steric crowding, in contrast to the more planar 6b* featuring the smaller N1 Me group.
The arrows correspond to the vector of the single imaginary vibrational frequency, which distort the transition structure back to

the equilibrium geometry.

TABLE 3. Selected Structural Parameters for Glycine-Derived BZDs Equilibrium Geometries®

equilibrium geometry

ring inversion transition structure (M)-5b*, 6b*—6e*

sum of sum of

JC8-C7—N1-C9 0C9—-N1-C2-010 internal 0Cc8—C7—-N1-C9 0C9—-N1-C2-010 internal

compd (deg) (deg) 0% (deg) (deg) (deg) 0° (deg)
(M)-5b —33.9 —2.4 835.2 —=5.9 0.3 899.2
(M)-6b —33.8 —-2.3 835.2 =7.0 2.0 899.5
(M)-6¢ —44.2 3.9¢ 834.3 —-14.2 10.1 898.9
(M)-6d —43.3 2.1¢ 832.6 —-18.9 23.1 889.0
(M)-6e —=51.1 7.1¢ 831.7 —224 28.3 887.9

@ All angles are measured on the (M)-conformer, defined by the N1—C7 axis. ®» Sum of the seven internal bond angles in the BZD’s
seven-membered ring. ¢ A change of sign in this dihedral angle does not affect the (M)- and (P)-conformer assignment, as this is defined

by the sign of 1C8—C7—N1-C9.

and C9—N1-C2-010, which increase as consequence of
the proximity of the N1 substituent and its neighboring
C8 and C2 carbonyl, respectively (Table 3).

When the N1 substituent size increases from Me (5b
and 6b) to CHPh, (6e), 1C8—C7—N1—-C9 increases by
17°. A smaller increase in JC9—N1—-C2—-010 is seen in
the series from 5b/6b to 6e, likely because amide
resonance constrains JC9—N1-C2—010 to remain close
to 0°. In all of these structures N1 remains planar (sum
of angles at N1 = 359—360°).

For the ring-inversion transition structures 5b* and
6b*—e*, a planar N1 is also seen (sum of angles = 360°),
and 0C8—C7—N1-C9 is smaller than that in the corre-
sponding equilibrium geometries, because ring inversion
requires C9 (the R group at N1) to approach an eclipsing
orientation with its neighboring C8. However, for the
larger R groups (6d* and 6e*) this dihedral angle is
significantly non-zero, apparently because the larger R
group precludes eclipsing of C8 and C9. Similarly for
smaller R groups, JC9—N1-C2-010 is close to 0°
consistent with a near-planar ring-inversion transition
structure. In contrast, for larger R groups (6d* and 6e*),
this angle is significantly non-zero and larger than it is
in equilibrium geometries 6d and 6e, indicating disrup-
tion of amide resonance (Figure 4). This loss of amide
resonance may be a consequence of stronger steric
interaction between extraannular substituents in the
transition structures than in the equilibrium geometries.

The increased steric interaction between extraannular
substituents in the ring inversion transition structures
(in particular the C2 carbonyl O and N1 R) is a natural
geometric consequence of the flattening of the BZD ring.
In the equilibrium geometries 5b, 6b—e the sum of the
internal angles ranges from 831 to 835°, consistent with
the value of 829° calculated from simple VSEPR consid-
erations.*> However, in the ring inversion transition
structures 5b*, 6b*—e* the sum of the internal angles
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ranges from 888 to 900°, consistent with the calculated
900° for a heptagon.** As the internal angles increase,
the external angles of the nearly flat ring atoms neces-
sarily decrease, forcing the extraannular substituents
closer together.

DFT Calculations of C3 Monosubstituted BZD
12d. For the glycine-derived BZDs 5 and 6, their (M)-
and (P)-conformers are enantiomers and thus equal in
energy. However, when the C3 is monosubstituted, a
stereogenic center is created and the two conformers will
no longer be enantiomers. Sunjic first deduced the
equatorial preference of the C3 methyl group in 11a in
solution.?’ Paizs studied 11a and determined the two
conformers differ in energy by 4.3 kcal/mol at BSLYP/6-
31G(d).?® According to these earlier studies, the (S)-
enantiomer preferentially adopts (M)-helicity, since this
conformation places the methyl group in the equatorial
position.*® With our success in asymmetric alkylation
utilizing the i-Pr group as the N1 substituent, we focused
our attention on the corresponding des-chloro N-i-Pr
compound 12d (Figure 5).

In agreement with Paizs’s finding, two equilibrium
geometries were found for the (S)-enantiomer, and the
(M)-conformer (featuring an equatorial C3 methyl) is
lower in energy by 5.2 kcal/mol. Selected structural

(42) Guner, V.; Khuong, K. S.; Leach, A. G.; Lee, P. S.; Bartberger,
M. D.; Houk, K. N. J. Phys. Chem. A 2003, 107, 11445—11459.

(43) Based on standard bond angles for sp? and sp? atoms (120° and
109°, respectively). the sum of angles in the BZD ring (six sp? and one
sp® atoms) should be approximately 829°.

(44) The sum of internal angles of a polygon is (180n — 360)°, where
n is the number sides of the polygon.

(45) Sunjic, V.; Lisini, A.; Sega, A.; Kovac, T.; Kajfez, F.; Ruscic, B.
J. Heterocycl. Chem. 1979, 16, 757—"761.

(46) In these earlier studies (M)- and (P)-chirality were defined by
the dihedral angle C2—C3—N4—C5. Although we assign chirality based
on a different dihedral angle (C8—C7—N1-C9), our resultant axial
chirality assignment is the same.
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TABLE 4. Comparison of C3-Monosubstituted BZD 12d and Glycine-Derived BZD 6d Equilibrium Geometries®

sum of

C3 [ON1-C2—-C3—N4 0C2—-C3—N4-C5 internal

compd methyl (deg) (deg) 0% (deg)
(M)-6d na 68.8 —72.9 832.6
(M)-(S)-12d eq 69.6 —73.4 829.8
(P)-(S)-12d ax —59.0 64.1 843.9

@ The structures are optimized at the BSLYP/6-31G(d) level. The axial chirality is defined by the C6—C7—N1—C2 dihedral angle. ® Sum

of the seven internal bond angles in the BZD’s seven-membered ring.
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FIGURE 5. B3LYP/6-31G(d) energy difference between the
(P)- and (M)-conformers of (S)-12d.

parameters of (S)-12d and the glycine-derived analogue
6d are given in Table 4.

All of the structural parameters of equatorial methyl
conformer (M)-(S)-12d are very similar to that of glycine
analogue (M)-6d, suggesting that the equatorial Me
group does not significantly alter the equilibrium geom-
etry. However, the axial methyl conformer (P)-(S)-12d
differs noticeably from (M)-6d, in the smaller dihedral
angles N1-C2—C3—N4 and C2—C3—N4—C5. These dif-
ferences are caused by the steric interaction between the
axial Me group and the benzo ring, which in turn causes
the seven-membered ring to adopt a flatter geometry, as
reflected in the bigger sum of internal bond angles. Both
the steric interaction and the ring flattening likely contri-
bute to the destabilization of the axial (P)-(S)-conformer.

This equatorial preference has two implications in our
“memory of chirality”?? approach: (1) Because the (S)-
enantiomer exists exclusively as the (M)-conformer (5.2
kcal/mol difference in energy corresponds to around
6500:1 equilibrium ratio at room temperature), the N1—
C7 axis effectively “memorizes” the chirality of the
stereogenic center at C3 in its equilibrium geometry. (2)
The dihedral angle H3—C3—C2—-010 in the preferred
equatorial-Me conformer is 133°, but is nearly eclipsed
(6°) in the less favorable axial-Me conformer. Thus the
lower energy equatorial conformer should also be most
easily deprotonated.*” Therefore, during the deprotona-
tion to form its enolate, the preferred equatorial-Me
conformer is the most reactive, and thus the chiral
information preserved in its N1—C7 axis can be trans-
ferred to its enolate.

Ring-Inversion Process of C3 Monosubstituted
BZD 12d. Paizs studied C3-monosubstituted BZD 11a
and reported only one transition structure for intercon-
version of the (M)- and (P)-conformational diastereo-
mers.?® In contrast, for the des-chloro N-i-Pr analogue
(S)-12d, we located two ring-inversion transition struc-
tures. As in the case of 5b and 6b—e, the ring in the
inversion transition structures is not completely flat and

(47) Behnam, S. M.; Behnam, S. E.; Ando, K.; Green, N. S.; Houk,
K. N. J. Org. Chem. 2000, 65, 8970—8978.

thus adopts an (M)- or (P)-conformation. Thus, the
existence of two ring-inversion transition structures for
(S)-12d is not unexpected. The presence of a chiral center
at C3 of 12d renders these two conformation diastereo-
meric, but otherwise the structures of (M)-(S)- and (P)-
(S)-12d* closely mimic that of the glycine analogues (M)-
and (P)-6d* (Figure 6). For (S)-12d*, the (M)-conformer
features an axial Me group, and the (P)-conformer
features and equatorial Me group; the reverse would be
true for (R)-12d*.

Thus, two inversion pathways exist for each equilib-
rium geometry conformer. For the lower energy conform-
er (M)-(S)-12d, the barriers to inversion through the axial
and equatorial transition structures are 21.5 and 22.5 kcal/
mol, respectively. These calculated inversion barriers are
very similar to that of 6d, since in both cases no signifi-
cant destabilization of equilibrium geometries is involved.
Of course, for the higher energy conformer (P)-(S)-12d,
the inversion barriers are lower (16.2 and 17.3 kcal/mol)
due to destabilization of the equilibrium geometry.

TH NMR Studies of a 3,3-Disubstituted “Quater-
nary” BZD 13d. Since C3-monosubstituted BZDs such
as 12d exhibit only one spectroscopically observable
equatorial conformer, it has not yet been possible to
experimentally determine the barrier to ring inversion.
However, since unsymmetrically substituted quaternary
BZDs typically display two slowly interconverting con-
formers, we chose to measure the rate of their intercon-
version. We synthesized (R)-13d according to the proce-
dure we published recently?? and measured its inversion
barrier by coalescence temperature measurement (Figure
7). The two i-Pr Me groups coalesced at 380 K, which
corresponds to an inversion barrier of 18.6 kcal/mol,
significantly lower than that of the corresponding glycine
analogue 6d (21.3-21.7 kcal/mol). We propose the reason
for this is again due to the steric interaction between the
axial C3 substituent and the benzo ring. For 12d, this
steric interaction can be avoided by adopting the equato-
rial Me conformer, and this conformer is indeed the only
observable one in the 'TH NMR spectrum. However, for
C3 disubstituted 13d, there is always an axial substitu-
ent no matter what conformation it adopts, and therefore,
destabilization of the ground state is inevitable, causing
a lower inversion barrier. The two conformers of 13d are
not equally populated, but at a 55:45 ratio, indicating an
energy difference of 0.1 kcal/mol between the two con-
formers at room temperature. The major conformer is
found to have an axial Me, equatorial Bn conformation
by inspection of the "H NMR shifts of the two conformers,
suggesting that the steric interaction between the benzo
ring and the C3 benzyl group is slightly larger than that
between the benzo ring and the C3 methyl group.

2D EXSY 'H NMR Studies of 3,3-Disubstituted
“Quaternary” BZD 13d. We studied the ring inversion
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FIGURE 6. Ring-inversion process for (S)-12d. The equatorial Me equilibrium geometry (M)-(S)-12d is 5.2 kcal/mol lower in
energy than its axial Me counterpart, (P)-(S)-12d. There are two ring-inversion transition structures: (M)-(S)-Me-12d*, in which
the C3 Me is axial, is 1.1 kcal/mol lower in energy than (P)-(S)-12d*, in which the equatorial Me eclipses the C2 carbonyl. Note
that the sign of the dihedral angle C6—C7—N1—C2 defines the helical chirality descriptor (M or P).
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FIGURE 7. Major conformer eq-Bn-13d and minor conformer
ax-Bn-13d observed by 2D-EXSY NMR.

process of 13d by 2D-EXSY 'H NMR, a technique which
shares the same pulse sequence with 2D-NOESY.*® The
use of 2D-EXSY permits the determination of the forward
inversion rate constant &, defined by the inversion from
the major conformer (eq-Bn-13d) to the minor conformer
(ax-Bn-13d), and the reverse inversion rate constant kg,
defined by the inversion from the minor conformer to the
major conformer (Figure 7). Measurement of the exchange
rates at different temperature 7" and the subsequent plots
of In(kx/T) and In(kg/T) vs 1/T allows extrapolation of the
activation parameters AH* and AS* for both the forward
and reverse processes, which are shown in Figure 8.
The major conformer (~55%) has the bulkier Bn group
in the equatorial position; the minor conformer (~45%)
in contrast has an axial Bn group. The 2D-EXSY mea-
surements show that the activations of enthalpy for the
ring inversion of 13d from the eq-Bn- and ax-Bn-
conformers are 17.5 and 17.4 kcal/mol, respectively. Both
of them show a small entropy of activation (less than —4
cal/mol/K). The free energy of activation for the major
and minor conformers at 298 K are 18.6 and 18.5 kcal/
mol, respectively, in close agreement with the value we
obtained from the coalescence temperature study (cf. 18.9

(48) Perrin, C. L.; Dwyer, T. J. Chem. Rev. 1990, 90, 935—967.
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FIGURE 8. Plot of In(k/T) versus 1/T for 13d from 2D-EXSY
measurements. From a total of 23 EXSY spectra measured at
293—324 K with varying t,,. There are two sets of exchanging
protons in each spectrum; therefore there are a total of 46 data
points. (A) Plot of exchange rate ka from the major conformer
(eq-Bn-13d). (B) Plot of exchange rate kg from the minor
conformer (ax-Bn-13d)

and 18.8 kcal/mol at 380 K, the coalescence temperature).
The 0.1 kcal/mol free energy difference we obtained from
2D-EXSY studies between the two conformers also cor-
responds well with the observed 0.55:0.45 composition
in 1D 'H NMR.

DFT Calculations of 3,3-Disubstituted “Quater-
nary” BZD 13d. The equilibrium geometry and ring-
inversion transition structures of 13d were determined
at B3LYP/6-31G(d), and B3LYP/6-31+G(d) single-point
energies were obtained using Tomasi’s PCM model*° with
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Dihedral Angle C6-C7-N1-C2

FIGURE 9. Ring-inversion process for (R)-13d. For equilibrium geometries, the equatorial Bn conformer (P)-(R)-13d is 0.8 kcal/
mol lower in energy than the axial Bn counterpart, (M)-(R)-13d. Two nearly equienergetic ring- inversion transition structures

(M)-(R)-13d* and (P)-(R)-13d* were located.

TABLE 5. DFT Calculations and Experimental Activation Parameters of Ring Inversion of 13d®

B3LYP/6-31+G(d)//B3LYP/6-31G(d)

EQ geomb TS AGtzgg (CHCly)@ AH* (CHCly)e exptl AG*QQB (CHC]3)f exptl AH* (CHCl3)p
(P)-(R)-13d (eq-Bn) (M)-(R)-13d* 18.4 17.1 18.6 17.5
(P)-(R)-13d* 18.6 17.1
(M)-(R)-13d (ax-Bn) (M)-(R)-13d* 17.6 16.2 18.5 17.5
(P)-(R)-13d* 17.8 16.2

@ The equilibrium geometries and transition structures are optimized at the BSLYP/6-31G(d) level with frequency calculations. Single-
point energy calculations using Tomasi’'s PCM model in CHCl3 were then performed at the B3LYP/6-31+G(d) level. The appropriate
thermal correction to free energy or enthalpy, calculated from the vibrational data, is then applied to the single-point energy to yield the
calculated activation parameters. ® Two equilibrium geometries exist, the eq-Bn (P)-(R)-conformer is lower in energy, in agreement with
NMR studies. ¢ As for 5b, 6b—e, and 12d, both (M)- and (P)-ring inversion transition structures were located. ¢ The thermal correction
to the Gibbs free energy is applied to yield the calculated Gibbs free energy of activation. ¢ The thermal correction to enthalpy is applied
to yield the calculated activation enthalpy. / Calculated at 298 K by extrapolating the 2D-EXSY experimental activation parameters.

€ Obtained from the 2D-EXSY studies.

CHCI; as the solvent. The thermal correction to the Gibbs
free energy and enthalpy using vibrational data at 6-31G-
(d) were applied to calculate the activation free energy
and enthalpy. The results are summarized in Table 5.
In our calculations and NMR studies, the eq-Bn con-
former (P)-(R)-13d is lower in energy than the ax-Bn con-
former (M)-(R)-13d, as would be expected from the some-
what larger equatorial preference of the benzyl group
relative to methyl. Our calculated free energy difference
between the two conformers is 0.8 kcal/mol, slightly
higher than the experimental value of 0.1 kcal/mol.
The scenario for ring inversion of 13d is very similar
to that of 12d, both of which contain an asymmetrically
substituted C3. Two diastereomeric ring-inversion tran-
sition structures were found; one contains an equatorial
Bn and the other contains an axial Bn (Figure 9). In this
case, the two ring-inversion transition structures (M)-
(R)-13d* and (P)-(R)-13d* are nearly equienergetic,
differing only by 0.2 kcal/mol. In general, our calculated
activation parameters are within ~1 kcal/mol of the
experimentally determined AG* and AH* (Table 5). The
calculated entropy of activation ranges from —4.4 to —5.5
cal/mol/K, which is quite close to the experimentally
determined value of —3.5 to —3.7 cal/mol/K.

Conclusions

Using coalescence temperature measurements and 2D-
EXSY 'H NMR spectroscopy, we were able to determine
the barriers and activation parameters of the ring inver-
sion process of various BZDs. Using density functional
theory, we were able to reproduce these results with good
(within 1—2 kcal/mol) accuracy. We concluded that BSLYP/
6-31G(d) is an adequate method for geometry optimization
in the study of BZD systems and that single-point energy
calculations incorporating diffuse functions, solvent ef-
fect, and thermal correction offer improved accuracy.

Calculated structural parameters of various BZDs
provide valuable insights into their ring-inversion pro-
cesses. Glycine-derived BZDs undergo ring inversion via
a pair of enantiomeric ring-inversion transition struc-
tures, whereas tertiary or asymmetrically substituted
quaternary BZDs possess two diastereomeric ring-inver-
sion transition structures. Bulky N1 substituents (i-Pr
and CHPhy) distort the ring-inversion transition struc-
ture from planarity and disrupt amide resonance, thereby
causing a higher inversion barrier. We also demonstrated
how the equatorial preference of C3-monosubstituted
BZDs provides the basis for the transmission of chiral
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information from C3 to the N1-C7 axis during the
memory of chirality deprotonation/alkylation. These stud-
ies have provided a foundation for the future studies of
the BZD enolates.

Experimental Section

General Methods. THF was distilled from Na/benzophe-
none immediately before use. (S)-Boc-Ala was purchased from
Advanced ChemTech and was used as received. Compounds
5a and 5b were prepared according to the literature method.*
Compound 5¢ was prepared from 5a using a similar method,
and the spectroscopic data matched those published.?® Com-
pound 5d and 13d were prepared according to our published
procedure.?> Compound (S)-12d was prepared from (S)-Boc-
Ala using a modification of Shea’s protocol.3°

7-Chloro-1,3-dihydro-1-diphenylmethyl-5-phenyl-2H-
1,4-benzodiazepin-2-one 5e. At 0 °C, to a stirred solution
of 5a (50.9 mg, 0.188 mmol, 1 equiv) and HMPA (196 uL, 1.13
mmol, 6.0 equiv) in dry THF (2.0 mL) was added NaH (11.3
mg, 0.282 mmol, 1.5 equiv, 60% suspension in mineral oil) in
one portion. The resulting solution was stirred at 0 °C for 30
min before the dropwise addition of bromodiphenylmethane
(155 mg, 0.564 mmol, 3 equiv). The reaction mixture was
stirred overnight, quenched with 10 mL of saturated aqueous
NH,CI solution, and extracted with CHyCls (3 x 20 mL). The
combined extracts were dried over anhydrous NasSOy, filtered,
and concentrated. The crude product was purified by flash
column chromatography on silica gel to yield a white solid (78.7
mg, 0.180 mmol, 96% yield): mp 203.8—204.2 °C; 'H NMR
(DMSO-d) 6 4.06 (d, 2Jun = 10.8 Hz, 1H), 4.66 (d, %Jun = 10.6
Hz, 1H), 6.90 (s, 1H), 6.97 (d, 3Juu = 6.7 Hz, 2H), 7.05 (d, *Jun
= 2.5Hz, 1H), 7.18—7.44 (m, 11C), 7.45 (t, *Jun = 7.5 Hz, 2H),
7.54 (t, ®Jun = 7.3 Hz, 1H), 8.32 (s, 1H); 3C NMR (CDCl;) 6
57.37, 64.70, 126.05, 127.45, 127.80, 127.95, 128.40, 128.44,
128.62, 129.29, 129.48, 130.03, 130.30, 130.33, 130.77, 132.67,
137.85, 138.00, 138.13, 139.86, 169.23, 169.38; HRMS (FAB)
caled for CosH9oN2OCI [M + HJ™ 437.1421, found 437.1407
(—3.2 ppm, —1.4 mmu).

NMR Measurements. 'H NMR spectra were recorded on
either a JEOL Eclipse 500 or a Varian Inova 400 MHz NMR
spectrometer; the corresponding *C NMR resonant frequencies
were 125 and 100 MHz, respectively.

Dynamic 'H NMR measurements were performed on a
Varian Unity 400 MHz NMR spectrometer with a recently cali-
brated temperature control unit. The coalescence temperature
was determined to the nearest 3 K, and therefore, the calcu-
lated inversion barrier carries an uncertainty of + 0.2 kcal/
mol.

2D EXSY 'H NMR spectra were obtained on the Varian
Inova 400 MHz NMR spectrometer with a recently calibrated
temperature control unit, with +0.1 K uncertainty in temper-
ature. The relaxation times 7' of all aliphatic protons of 13d
were measured at various temperature used, and the relax-
ation delay was set to be 4—5 times the longest 7 at that
temperature to ensure full relaxation between consecutive
pulses. A total of 23 spectra were recorded at eight different
temperatures, ranging from 293 to 324 K. Mixing time ¢, of
each measurement was set to be around the optimized value
of 1/(T1! + ka + kp) to maximize the extent of exchange.*®

Computational Details

All DFT and MP2 calculations were done using either the
Gaussian 98°! or the Gaussian 03 program.>? All equilibrium
geometries and ring inversion transition structures are opti-

(49) Sternbach, L. H.; Fryer, R. I.; Metlesics, W.; Reeder, E.; Sach,
G.; Saucy, G.; Stempel, A. J. Org. Chem. 1962, 27, 3788—3796.

(50) Goumri-Magnet, S.; Guerret, O.; Gornitzka, H.; Cazaux, J. B.;
Bigg, D.; Palacios, F.; Bertrand, G. JJ. Org. Chem. 1999, 64, 3741—
3744.
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mized at B3LYP/6-31G(d) level using the hybrid of Becke'
three-parameter exchange functional (B3)%® and Lee, Yang,
and Parr’s exchange-correlation functional.?* Vibrational fre-
quencies were calculated at the same level to verify the cal-
culated structure as either minima (no imaginary frequency)
or transition structure (single imaginary frequency). The
vibrational vector of the transition structures’ single imaginary
frequency corresponds to the transformation from the transi-
tion structure toward either one of the equilibrium geometries.
Zero-point vibrational energies and thermal corrections to
enthalpies and Gibbs free energies,?® calculated at 195 K,
were calculated from corrected frequencies (correction factor:
0.9804).5657 Solvent effects were taken into account by single
point energy calculation at BSLYP/6-31+G(d), using Tomasi’s
polarizable continuum model (PCM).#? IRC calculations on the
ring-inversion process of 6d were performed starting from the
ring-inversion transition structures (M)-6d* and (P)-6d*. The
Z-matrices of these starting geometries were constructed using
internal coordinates, so that the six carbon and four hydrogen
atoms on the benzo ring were held immobile, while all other
geometric parameters were variables. Forward and reverse
directions were calculated separately, using internal coordi-
nates without mass weighing (nondefault setting) and the
default step size of 0.1 amu?—Bohr; 37 forward steps and 39
reverse steps were required to arrive at the equilibrium
geometries on either side of the reaction coordinates.
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