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The inversion of four 1,4-benzodiazepines was investigated wittalthimitio “replica path method” with
density functional theory at the B3LYP/6-31G* level. The reaction path constructed with this method for the
inversion provides an approximate transition state (TS) geometry, which, upon further TS optimization, leads
to the TS geometry characterized by a single vibrational frequency. 1,4-Benzodiazepines lacking a 5-phenyl
ring have a single reaction path for the inversion withsymmetry at the TS. In contrast, the inversion of
benzodiazepines with a 5-phenyl ring, such as the peripheral benzodiazepine receptorgdocbdiazepam
(R05-4864) and itdN'-desmethyl analog (Ro5-2752), can proceed through multiple reaction paths having a
TS with or withoutCs symmetry. Notably, the replica path method found a path connecting two asymmetric
TSs of 4-chlorodiazepam via a symmetrical TS, suggesting that these inversion paths can be readily crossed
from one to another. The stabilization energies gained 'bghlbrodiazepam and itsl*-desmethyl analog

from the breaking ofCs symmetry at the TS were calculated to be 0.10 and 0.07 kcal/mol, respectively. The
origin of the broken symmetry d€s was traced to the coupling of the puckering of the diazepine ring with

the rotation of the chlorophenyl ring. These results show the advantages of the replica path method for locating
the TSs as well as for constructing the reaction paths for the inversion of 1,4-benzodiazepines.

1. Introduction energy path. With increases in computer speed and advances
in TS search algorithm®? the geometry and energetics of the
TS of small molecules undergoing reaction with a well-defined
reaction coordinate can now be obtained atadhenitio level.
Nonetheless, as the complexity of a molecule groavg,(the
number of rotatable bonds), it becomes increasingly difficult
to locate the TS(s) by utilizing either a conventional scan method
or one of the more sophisticated reaction path methods, because
they often require prior knowledge of the TS geometry.

In this regard, a recently developed “replica path” (RPATH)
method for elucidating the reaction mechanisms of enzymes has
found its utility in locating a TS of interest, as exemplified in
a recent study of the mechanism of chorismate mutadee
RPATH calculation allows an approximate TS geometry to be
found for a particular reaction or conformation through geo-
metrical optimization at theab initio level on intermediate
structures lying between reactant and product in root-mean-
square (rms) space. This RPATH method is currently imple-
mented in CHARMM interfaced with GAMESS,Q-Chem8
and GAMESS-UR ab initio programs for QM/MM calcula-
tions.

S The RPATH method belongs to a class of string methods to
determine the pathway on the PES between two or more
different pointst® Usually these points represent minima on the
* Corresponding author. E-mail: Leeys@mail.nih.gov. PES, whi_ch are r_elatively easy to ob_tai_n by standard methO(_js,
t Center for Molecular Modeling, Division of Computational Bioscience, and are fixed during the pathway optimization. The pathway in

Center for Information Technology, National Institutes of Health. the RPATH method is constructed by replicating a set of
*_Molecula_r Imaging Branch, National Institute of Mental Health, ctrctures spanning, for example, reactant and product. The

National Institutes of Health. . - .

§ National Heart, Lung and Blood Institute, National Institutes of Health. Coordinates for each of these replicas, which are used to

# National Institute of Chemistry. construct the initial pathway, can be obtained in different ways.

Analysis of structural modifications occurring upon binding
of a ligand to a biomolecule and of any ensuing chemistry may
require the transition state (TS) structure along reaction
coordinates to be known. In drug development, knowledge of
the TS geometry of a substrate for an enzyme is helpful when
designing TS analogues that are known to bind generally more
tightly than substrates to enzyme active sieBheoretical
calculation may be the only viable method for obtaining the
potential energy surface (PES) relevant to binding and ultimate
chemistry.

A PES for a chemical process is typically constructed by
carrying out geometry optimization coupled with a scan of a
reaction coordinate. This coordinate can be defined, for example,
as the distance between the two atoms undergoing bond
breaking/forming or as the dihedral angle of the bond within a
molecule that is primarily involved with a conformational
change or isomerization of interest. From a PES, one could
locate a TS, typically the highest-energy point on a reaction
path. Once the TS is verified by a single imaginary vibrational
frequency, the “intrinsic reaction coordinate” (IRC) methodn
then be utilized to find the steepest-descent paths from the T
to both the initial and final geometries to construct the minimum
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SCHEME 1: Structures of Benzodiazepines +4, SCHEME 2: Structures of M and P Conformers of
Showing Dihedral Angles and Nomenclature Benzodiazepines Where RlIs H or CH3, and R? Is H or
HyC p-Cl—CeH4
o] 0 H
N ) N %
2 N—4/— N
\o —_—
3 RZ RZ Ha
o1 Ho
Cl =N, Cl =N M conformer P conformer
5
1 2 The BZs (—4 of Scheme 1) studied herein do not have a

formal chiral center. Nevertheless, the inversion of the C3
methylene group of the B ring gives rise to two boat conformers
0 0 that are enantiomers (Scheme 2); by convention, the isoenergetic
minimum conformers with a negative and positive value of the
dihedral angle C2C3—N4—-C5 (¢, see Scheme 1) are
designated as conformers M and P, respectielZBR
recognize a single enantiomer (designated R 6P P)Previous
cl —N theoretical work on the inversion of diazepam was performed
at the level of “density functional theory” (DFT) only:16
In the present work, both RPATH and scan methods were
used to construct the PES for the inversion of BZsA. Two
model compound$ and2 and two more elaborate compounds,
namely the PBR ligand Ro05-48648)(and its N-desmethyl
analog, Ro5-27524) were studied to reveal the effects N¥-
ci methyl and 5-(4chlorophenyl) groups on the inversion energy
3 4 barrier and the landscape of the reaction path. Comparing the
PES of the inversions af—4 revealed the advantages of the
Here, we chose linear interpolation between two minima. The RPATH method as well as the pitfalls of the scan calculation
RPATH method adds a harmonic penalty function to the in Ioc_ating the TS of BZs, and they are here_ discussed. The
standard force field. This penalty function is proportional to '€action path of3 from the RPATH calculation was also
the difference in the root-mean-square distance (rmsd) betweerFomMpared with that from the IRC calculation.
the two neighboring structures. In this way, the individual
T . 2. Methods
structures on the pathway are kept equidistant in the rms space
from their nearest neighbors. This also allows the total length  2.1. Ab Initio RPATH Calculations. Initially, 15 replicas
of the path to vary during the simulation, either energy were constructed by a linear interpolation between the two
minimization or molecular dynamics. energy-minimized enantiomeric conformers, M and P, of
To assess the applicability of the RPATH method in locating c0MPoundsl—4. The RPATH method then added a harmonic
the TS of small yet complex molecules undergoing isomerization PENalty function to the standard energy to restrain distances

without bond breaking, we investigated the inversion of the Petween adjacent replicas along the reaction pathway, in the

seven-membered diazepine ring in 1,4-benzodiazepines (BZs)™

thathas been studied both experiment&ifitand theoretically>1° Nel

Q BZ ring appears in severgl types of bloa?t|ye_ compound an? Erns= =3 KindRij11 — DRD]Z 1)
rug and is therefore considered to be a “privileged scaffold 25

in drug desigrf®2! Best known of these ligands are the BZs

acting on central GABA receptors (central benzodiazepine whereN is the number of replicas i along the pathw#&yms is

receptors; CBR) as anxiolytic and sedative drugg,(diazepam; the force constant (set here to*{Rcal/mol)/A?), andR;;+; and

Valium).22 Certain derivatives of diazepam, such as thehoro [(ROare rmsd deviations given by

derivative preferentially bind with high affini#j not to CBR ) )

but to another distinctly different binding site, the peripheral i i i i i

benzodiazepine receptor (PBR)recently named the translo- Ri,i+lzzwi - ij[(x‘-(') — X+ (yj(l) N yj(lﬂ))2 + (%'(I) N

cator 18 kDa proteid® PBR has become a promising drug = = o

targe®® and also a subject for molecular imagiiny vivo,2” %( 0l

primarily of inflammation because of PBR overexpression in N-1

activated microglia under several inflammatory conditi&hs. R= N R,

Experimental and computational studies of the conformational £

ZT

dynamics in BZs may have intrinsic value for understanding

their important bioactivities. For example, BZs are known to where n is the total number of replicated atonjswith
exert their agonist effects at CBR by inducing a conformational coordinates X¥, y¥, Z¥) in replicak, andw is a suitable
change in the receptéf. As previously pointed ouf the input-defined parameter. Thus, the penalty functisrpropor-
possibility that ring inversion in these drugs plays some role in tional to the difference in the rmsd between the two neighboring
inducing receptor conformational changes provides impetus for structures. In other words, the individual structures on the
acquiring a deeper and more accurate understanding of thesgathway are kept equidistant in the rms space from their
inversion processes. neighbors. In addition, an angle energy term (eq 2) as previously
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| Figure 3. Two perspective views of the superposed energy minimized
M (-70.3, -31.9) P (702,298) ground states (M, y_eIIow; P, gr_een) and TS_s (M*, white;_ pP*, bluz_a) of
0 — r — 7% 3. The one on the right-hand side was obtained by rotating the ring A
2 4 6 8 1o 12 14 into the plane so that it coincides with the mirror plane indicated by
Reaction Path the dotted lines.
Figure 1. PES for the inversion of benzodiazepihebtained from TABLE 1: Inversion Energy Barrier of BZs Calculated at
the RPATH calculation with 15 replicas. During geometry optimization, the B3LYP/6-31G* Level
each replica or frame on the reaction path is kept equidistant in the
rms space from their nearest neighbors with a harmonic penalty Ea(kcal/mol)
function. Values in parentheses indicate the dihedral angles032 compound RPATH experimerit

N4—C5 (¢1) and CH—N1—-C10-C9 (p,); see Scheme 1 for numbering.

Inset: PES constructed from both forward and reverse scanning of the % gg
¢1 of 1 with an increment of & 3 173 176402
18- (49,25 835) :20 T RTE Ry TR RE TR 4 10.7 12.3£ 0.3
] gﬁ_ F'\ aValues represent the energy difference between the ground state
164 g f ey and the fully optimized TS ta0 K without zero point vibration.
: < RN b Determined on compounds without &ehloro substituent?
14+ 81 i .
g 12 o] level. Further refinement of the TS was carried out with the TS
= “op search algorithm using the keywords, sffis, calcfc, noe-
§ 10+ J6566,-177.680) \ "I T 3 4 o igentest), as implemented in Gaussian 03 software.
%' 5 515 215 1065 C5-N4-C3-C2 (deg) 2.2. Ab Initio Calculations. The geometries of the BZ
T - (612,215,1089 conformers M and P were fully optimized with DFT at the
TR B3LYP/6-31G* level in the gaseous phase. The PES for the
1 " inversion process was also calculated by conventional scanning
. of the dihedral angle; in increments of % while optimizing
2 all other geometrical variables. The nature of each TS for
L Zmir2s w529 P (727, 3356, 153.0) compoundsl—4 were confirmed by the existence of a single
= 1 M L v ] v T N T v I r I ’

imaginary frequency. In these calculations, thermal and solvent

. effects were not taken into account in estimating the inversion
Reaction Path barriers. The IRC calculations for the inversion of compo8nd

Figure 2. PES for the inversion of compourlobtained from the were done utilizing 35 steps descending from M* or P* to each

RPATH calculation with 15 replicas. Values in parentheses represent of the conformers M and P without mass weighting.

the dihedral angleg,, ¢,, and C6—C1 —C5—N4 (¢3); see Scheme 1

for numbering. Inset: PES constructed from both forward and reverse

scanning of thep, of 3.

2 4 6 8 10 12 14

3. Results and Discussion

) ] ) ) 3.1. Inversions of 1 and 2The PES of the inversion of the
deflned? was included to prevent merging between the adjacent 1,4l N-methylbenzodiazeping obtained from the RPATH
points (force constant€angie= 100 and cos max= 0.95). method utilizing 15 replicas is shown in Figure 1. In the
conversion of M to P, both the C3 methylene anditfenethyl
group undergo respective downward and upward inversion with
respect to the A ring (Scheme 2), and these two opposite motions
are concerted as indicated by the smooth change in both energy

(2R +1Ri+14+2) — cOs maxj (2) and the dihedral angles ¢f and CH—N1—-C10-C9 (¢,) given

in parentheses in Figure 1. At the highest points of the PES,

The average restraint energy shown in eq 1 was less than 0.1frame 8, the B ring ¢1 = 3.7°, ¢ = 1.4°) is only slightly
kcal/mol/replica after 100 steps of energy minimization. After distorted from planarity indicating the TS to be symmetrical.
an approximate TS was located, the calculations were further The inset of Figure 1 is the PES obtained by the conventional
expanded to 61 replicas for compourglend 4: 30 replicas scan calculation by varying the dihedral anglefrom —75° to
connecting the stable conformer M to the TS and another 30 +75° and then by reversing the scan direction frefi5® to
replicas linking the TS to P. Thab initio program GAMESS —75° in increments of 5while relaxing the rest of the structure.
was used for all RPATH calculations at the B3LYP/6-31G* The forward scan has its highest energypat= 5° and ¢, =

N—-1

1
Eangleza Kangle((Rzi,H—Z - Rzi,i+1 - R2i+1,i+2)/
&
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TABLE 2: Dihedral Angles of Compounds 3 and 4 in Both Ground and TSs from RPATH

M M p P

1 2 3 () @2 @3 () 2 ?3 1 P2 @3
3 —72.5 —-35.5 24.3 —-5.6 —-7.0 111.2 5.6 7.0 63.1 72.7 33.6 153.0
42 —72.6 —22.4 25.5 —16.4 —4.4 110.3 16.4 4.4 64.4 72.6 22.2 151.5

aDihedral angles from the GAMESS optimized geometries.

—10.7. A further increase of; to 10° is accompanied by a
drop of 1.0 kcal/mol and a rather steep increaseyirfrom
—10.7 to +18.C°. This hysteresis in both energetics and
geometry results from the hindered rotation of tfemethyl
group around the N2C10 bond, which in turn is a consequence
of the constraint imposed on the reaction coordinaie, The
PES from the RPATH lacks such hysteresis because it mini-
mizes structures at each grid point, thus conveniently diffusing
rms restraint forces over all the atoms of the compound during
geometry optimization.

Further TS optimization at the highest point on the PES of
the two methods with Gaussian 03, resulted in an identical TS
geometry where the diazepine ring achieves planarity, conferring
aCs symmetry on the TS, which is in good agreement with the
previous finding!>16The RPATH calculation gives the inversion
energy barrier as 8.6 kcal/mol fdr(Table 1).

For theN!-desmethylbenzodiazepieboth RPATH and scan
calculations gave a single reaction path with an inversion barrier
of 3.5 kcal/mol without hysteresis. The absence of the rotation
of the N*-methyl group around the NAC10 bond lowers the
inversion energy barrier ¢ by about 5 kcal/mol compared to
that of 1. The subsequent TS optimization at the highest point
on the PES obtained from both methods also gave the TS with
Cs symmetry.

3.2. Inversion of the PBR Ligand 3.The inversion process
of 3 obtained with the RPATH method (Figure 2) is character-
ized by the rotation of the chlorophenyl group coupled with
the movements of the C3 methylene adimethyl groups of
the B ring. The similarity of the overall shape of the PES3of
to that of1 indicates that the inversion may well occur through
a symmetrical TS. Nonetheless, a further TS optimization at
the highest PES#; = 4.9, ¢, = 2.5°, ¢3 = 83.5) resulted in
the asymmetrical TS, P = 5.6°, ¢ = 7.0°, ¢35 = 63.1°),
accompanied by an energy gain of 0.3 kcal/mol. Regardless of

the starting geometry chosen near the highest-energy region,

we were only able to obtain P*, even after increasing the number
of grid points between frames 7 and 10 of Figure 2. This can
be attributed to the preference of the TS optimization process
with Gaussian 03 at the DFT level for P* over M*. Accordingly,
the M* (¢; = —5.6°, ¢o = —7.0°, 3 = 111.2) geometry was
obtained by inverting the coordinates of the P* structure (see
Figure 3). Note thas is defined as the dihedral angle 'c6
C1—C5—-N4 (e.g, 63.7° of P* in Table 2) that is equivalent to
the dihedral C2-C1—C5—N4 (—111.2).

The inset of Figure 2 is the PES of the inversion 3f
constructed with the scan method. Both the forward and reverse
scans of the reaction coordinaig,, are characterized by a
sizable hysteresis in energy as well as in geometry at the high-
energy region. Apparently, the presence of a'sefdorophenyl)
group, makes the effect of the constraint imposedspmore
strongly felt in both geometry and energetics than in compound
1. The TS optimization oB at the two highest-energy points

other path connecting M to P via P*. These two paths provide
more details on the dynamics of the BZ inversion process than
hitherto known. The inversion of M to P involves a concerted
rearrangement of nuclei and electron redistribution that is
manifested in the paths displayed in Figure 4a in terms of the
variation of the three dihedral angleg:i{ ¢2, and¢s); the two
asymmetric paths (MM*—P and M-P*—P) are symmetric

by inversion. Figure 4a shows how the rotation of the chlo-
rophenyl group is synchronized with the inversion of the B ring.
When the inversion a8 takes the M-M* —P path, a significant
change ings is observed between the ground state ¢4 €
24.3) and the TS M* ¢3 = 111.2). After the TS is passed, a
relatively small change aps is seen until the formation of the
enantiomer P#s = 153.0). This rotation of the chlorophenyl

(b)

16

Ty e
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-
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Energy (kcal/mol)

,\,.;.mm

Figure 4. (a) Conversion of the conformer M into P in terms of three

resulted in the enantiomers M* and P*, as previously pointed dihedral anglesdy, ¢, and ¢3). Two asymmetric paths, MM*—P

out15.16

and

nd M—P*—P, are symmetrical by inversion. (b) Energetics of the

inversion of3 as a function ofp; and ¢3. Arrows in red and black

Utilizing the TS geometry of M* and P (Figure 3), tWO jngicate the frame number on the respective path effvi—P and

reaction paths were then constructed by expanding grid pointsM—m* —P. Dotted lines in red and black depict the position of P* and
from 15 to 61: one path connecting the M to P via M* and the M*, respectively, in the space af; and ¢s.
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group is also closely correlated with the inversion of the Bring (a)
characterized bygp; and ¢»; both dihedral angles of the
conformer M ¢, = —72.5, ¢» = —35.5) vary with a small
rate of increase until reaching M¥p{ = —5.6°, ¢, = —7.0°),

and then with a relatively large increase tog € 72.7, ¢» =
33.6°). When the inversion takes the path oH®*—P, the rates

of the chlorophenyl group rotation and the B ring inversion are
completely reversed. For example, igof the conformer M
increases from 24230 63.1 up to the P* and then to 153.0
until the inversion is complete. Notably, at the M* and P*, the
values ofg; and ¢, differ by 11.2 and 14, respectively, as
compared to 48°1for ¢3, thus reflecting the larger conforma-
tional change of the chlorophenyl group to accommodate the
more conformationally restricted seven-membered ring.

Figure 4b illustrates the energetics of the inversioB a a
function of ¢; and ¢3 showing the two reaction paths going
through the M* and P* with an equal energy barrier of 17.3
kcal/mol. The dashed line shown between the two paths is the  (p)
one taken from the 15 replicas in Figure 2. Because the geometry
optimization at each grid point was carried out on the interpo-
lated geometry of M and P with the rms constraint, each point
on this dashed path represents the average geometry of particula
intermediates of M and P. This quasi-symmetrical path was
broken into the two asymmetrical ones when M* and P* were
utilized in mapping the inversion, mainly due to the energy
difference arising from the rotation of the chlorophenyl ring.
For example, frame 11 of the MP*—P path ¢ = —64.F, ¢3
= 37.2) is 0.46 kcal/mol more stable than that of the-M* —P
path ¢ = —64.5, ¢3 = 49.9), and the energy difference
becomes smaller at frame 22 (0.23 kcal/mol) and then zero at
the TS (frame 31).

3.3. Symmetrical TS.The quasi-symmetrical path shown in
Figure 4b together with a small structural difference between
the M* and P* suggests that the inversion3xdan also proceed _ _ o _ _ o
via a symmetrical TS. A subsequent geometry optimization with Figure 5. (a) Imaginary vibrational motion of the diazepine ring
Cs symmetry by both Gaussian 03 and GAMESS located the associated with thé&l*-methyl and C3 methylene of the symmetrical

. . . TS of 3. (b) Imaginary torsional vibrational motion of the 5<(4
symmetrlcaI_TS, which had not been reported before. This newly chlorophenyl) group of the symmetrical TS &f
found TS withCs symmetry is 0.10 kcal/mol less stable than

the asymmetrical M* or P* and has two negative imaginary giryctural comparison, it is necessary to focus on the bond
frequencies; one is related mainly to the B ring puckerif@8.6  gistances and angles in Table 3 calculated with the same
cm™1, Figure 5a), and the other to tr_le internal rotation of the ¢nware (Gaussian 03). First, the C ring of the conformer P,
chlorophenyl group £11.9 cm*, Figure 5b). These twWo  the asymmetrical P*, and the symmetrical TS all deviate from
imaginary frequencies further suggest that the inversio of planarity with respect to the plane containing thé-a5 bond,
involves multiple TSs that are related by symmetry as in the 55 indicated by their respective dihedral angles (17134.4,
case of the dissociation of formaldehyde,(#D) into H and 175.9) of C2—C6—C1'—C5. This distortion is likely to be a
CO where two nonplanar TSs can be merged into one planarconsequence of the steric repulsion between the rings of A and
TS33In other words, a path connecting the symmetrical TSt0 ¢ and is the reason that the dihedral anglé-@gBl' —C5-N4
the asymmetrical M* and P* states would enable the inversion qf the symmetrical TS is 87°Father than 90 Of the two TSs,
via a crossed path such as-¥*-symmetrical TS-P or M—P*- the symmetrical TS has a smaller distortion because the near
symmetrical TS-M*—P, the latter encompassing the micro- qrthogonality of the C ring to the B ring attenuates the steric
scopic inversion of the asymmetrical TSs. The RPATH calcu- repulsion. Second, the intra-ring bond distances of the B ring
lation, utilizing 43 replicas between M* and P*, did indeed find  of hoth TSs, such as those of NC2, C2-C3, C3-N4, and
such a path with a symmetrical TS, thus demonstrating that the c10-N1, are quite comparable or slightly different@.0006
inversion paths oB can readily cross from one to the other. Ay Though still small, the difference in the bond distances-N4
The symmetrical TS obtained from the RPATH calculation is ¢c5 and C5C1 between the two TSs is noteworthy. As
essentially identical to that obtained from Gaussian 03 or compared to the case for asymmetrical P*, the-0% distance
GAMESS, as shown in Table 3; the energy difference between of the symmetrical TS is shorter by 0.0014 A, an indication of
the RPATH and GAMESS results is 0.0027 kcal/mol. It is g jittle better overlap ofr-electrons over the N4 and C5 atoms
noteworthy that the TS witlCs symmetry cannot be obtained  due to the flat B ring. On the contrary, the inter-ring bond
with standard TS optimizers in Gaussian 03 or GAMESS (jstance, C5CZ, of the symmetrical TS is longer by 0.0018
without imposing a symmetry constraint whereas the RPATH and 0.0238 A than that of the respective P* and the conformer
naturally yields such TS via focusing. P: a consequence of unfavorable overlapraflectron clouds
The TS with or withouCs symmetry has intriguing structural ~ over the C5 and Clatoms because the C ring of the symmetrical
features that warrant further examination. To make a meaningful TS is almost perpendicular to the B ring, as shown by the
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TABLE 3: Calculated Distances (A) and Angles (deg) of the Ground State and TS of 3

=) p* symmetrical TS
parameter RPATH Gaussian 03 Gaussian 03 GAMESS RPATH

N1-C2 1.3951 1.3946 1.3952 1.3950 1.3941
C2-C3 1.5282 1.5275 1.5280 1.5289 1.5286
C3—-N4 1.4544 1.4252 1.4253 1.4249 1.4248
N4—-C5 1.2862 1.2739 1.2725 1.2725 1.2728
C10-N1 1.4154 1.4218 1.4224 1.4225 1.4228
Cl10-C11 1.4167 1.4327 1.4327 1.4339 1.4345
C11-C5 1.4921 1.4981 1.4976 1.4979 1.4982
C5-Cr 1.4933 1.5153 1.5171 1.5166 1.5172
C5-N4-C3-C2 72.7 5.6 0.0 0.0 0.0
C6—-C1—-C5-N4 153.0 63.1 87.9 87.6 87.4
C2—-C6—-C1-C5 177.3 174.4 175.9 175.4 174.9

a Obtained from frame 21 having the highest energy among 43 replicas between M* and P*.

TABLE 4: Low Vibrational Frequencies of 3 160
frequency
transition state (cm™) mode 140
asymmetrical (P*) 16.4 €0 out of plane 1
28.3 C ring twisting 120 4
40.1 C ring wagging
83.6 symmetrical NCHz and CH
out of plane 1004
symmetrical 19.4 €0 out of plane, A o,
36.8 A ring deformation, A 80
37.3 C ring wagging, A
84.2 symmetrical NCHz and CH
out of plane, A 60+
a A" and A’ represent respectively the symmetric and antisymmetric
vibration with respect to they plane. 40
. 20 v
dihedral angle C6-C1'—C5—-N4 (87.9 vs 63.T of P* and .80

153.0 of P). This structural comparison suggests that the
geometry relaxation from the symmetrical TS to the asym-
metrical TS is subtly manifested by the difference in both the Figure 6. Inversion of3 in terms of¢; and¢; constructed from the
C ring distortion and the bond distances-N@5 and C5-C1'. IRC calculation.

In the phenomenon known as Peierls distorﬁba,vibronic SCHEME 3: Structure of trans-Geldanamycirf
coupling is responsible for the symmetry breaking of the ground
state as observed in polyacetylén® and cyclobutadierié
whose bond-length alternating structures are more stable than MeO.
their respective equal bond-length structures. By analogy, the
Cs symmetry of the benzodiazepine TS can be broken into the
more stable enantiomeric M* and P* by a coupled motion of
the puckering of the diazepine ring (Figure 5a) to the torsional o
vibration of the chlorophenyl group (Figure 5b). This notion is
strengthened by the existence of a number of low-energy
vibrational modes ranging from 20 to 100 chassociated with
both TSs, as listed in Table 4. Similarly, a coupling between
the vibrational mode of N@and the internal rotation of GF OCONH,
leading to geometry relaxation.€., a dihedral angle of 1°4 aThe arrow indicates the amide bond that undergwass—cis
between the plane of NCand that containing the-€N bond) isomerization.
was reported for a small molecule, £¥0,.383%|n that study,
the calculated energy difference between the eclipsed and thesymmetrical with the M-P*—P path by inversion as in the case
staggered CINO; at the MP2/6-311G* level was about 0.1 kcal/  of the RPATH calculations. This is likely to arise from the
mol or 40 cnt! and is quite comparable to the energy difference harmonic character of the normal mode constraint utilized in
between the TSs @. Our vibrational frequency calculation at  the IRC method. The RPATH method is not limited by such
the B3LYP/6-31G* level further identified that the staggered harmonic approximation and thus better approximates the PES
CRNO; has the TS geometry, suggesting that a vibratienal — of the inversion of BZs
rotatonal coupling resulting in the rearrangement of nuclei and  3.5. Inversion of the N-Desmethyl Compound 4.A very
electron distribution can occur at the TS of both small and similar PES as shown in Figure 4b, with an energy barrier of

MeO

complex molecules. 10.7 kcal/mol, was obtained for tid-desmethyl ligandt with
3.4. RPATH vs IRC. Figure 6 illustrates the inversion 8f the RPATH calculation. The absence of tNemethyl group
obtained from the IRC calculation in terms ¢f and¢s. Both lowers the energy barrier by about 7 kcal/mol with respect to

M—P*—P and M—M* —P have a rather straight path connecting that of 3, and the asymmetrical M* and P* are 0.07 kcal/mol
the conformer M to P. Besides, the-Ni* —P path is not more stable than the TS with ti& symmetry. The symmetrical
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Note Added after ASAP Publication. This article was
released ASAP on January 30, 2008. In section 3.3, paragraph
2, sentence 3 has been revised. The footnote to Table 4 has
also been revised. The corrected version posted on January 31,

TS of 4 has one imaginary vibrational frequency36 cnt?)
mainly associated with ring puckering as shown in Figure 5a.

4. Conclusions

The binding of bioactive ligands to receptors can be ac-
companied by conformational alterations in both ligand and
receptor. A general practical method for exploring conforma-
tional pathways including transition points in complex molecules
is needed. Embedding the RPATH method in CHARMM with
internal access to the majab initio quantum chemical codes

provides such a method. RPATH had been tested for mapping
a reaction path at an enzyme site, and it is now being tested for

the behavior of the TS in bioactive ligands. The importance of

the diazepine ring was outlined in the introduction. The present
results show that accurate TS behavior for complicated ligands

is readily obtained with the RPATH method. The TS of BZs

2008.
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