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Abstract: The intramolecular hydroamination of
carbon-carbon p-bonds is an effective method for
the rapid construction of nitrogen heterocycles. The
rapid evaluation of suitable ligands using virtual
screening will aid in the development of a stereose-
lective analogue of the reaction by predicting effec-
tive substrate/ligand combinations. Electronic struc-
ture calculations of the relevant transition structures
for different nucleophiles and alkynes at the B3LYP/

LACVP* level of theory are presented. They provide
the basis for the development of a transition state
force field by the Q2MM method, which is discussed
in detail. The parameter development and perfor-
mance for the transition state force field is present-
ed.

Keywords: addition to alkynes; amines; hydroamina-
tion; molecular mechanics; silver

Introduction

The correct choice of a chiral ligand to achieve high
enantioselectivity remains a key challenge in transi-
tion metal-catalyzed chemistry that has implications
in many areas including the synthesis of pharmaceuti-
cally active compounds. The problem of optimizing
catalyst selectivity shares many characteristics with
the problems of drug design, where ligand binding to
a target is optimized in the presence of other boun-
dary conditions. Computational methods such as vir-
tual screening have become indispensable tools of
modern medicinal chemistry that complement the
more traditional experimental approaches.[1,2] In prin-
ciple, the methods developed in medicinal chemistry
could be valuable tools in exploiting mechanistic in-
formation for the design and selection of chiral li-
gands for transition metal-catalyzed stereoselective
synthesis.

The difficulty in applying the method of virtual
screening to catalyst design is that the selectivity de-
termining species is typically a transition state involv-
ing bond breaking and making, which normally re-
quires treatment by quantum mechanical methods
that are impractical for conformational sampling or
the screening of even a small library of catalyst candi-

dates. On the other hand, only the relative energies of
the diastereomeric transition states are needed. This
realization led to the development of much faster, re-
action specific force fields for the calculation of ster-
eoselecting transition states based on the reparamete-
rization of force fields based on quantum mechanical
results.[3] Such a development of reaction specific
transition state force fields generally requires consid-
erable effort by expert users, but the prospect of fast
and reliable prediction of the enantioselectivity of re-
actions is sufficiently attractive to induce considerable
effort in this area.[4]

New approaches suggest that the parameterization
process could be automated by the Q2MM method
developed by Norrby.[5,6] The unknown parameters of
a force field are fitted to reproduce a set of reference
data, for example, from ab initio calculations or X-ray
structures. These reference data can include atomic
charges, geometries, relative energies, and Hessian
matrix values for parent and substituted cases. The
very large number of reference data points ensures
that even for large numbers of parameters to be
fitted, the over-fitting criticized in the early days of
reaction-specific force field fitting[7] will not be a
problem. The quality of the fit is evaluated by a merit
function, X2, calculated from the squares of all devia-
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tions of calculated values yj from the reference values
y0 [Eq. (1)]. The deviations, multiplied by a weighting

factor wj that is based on the contribution of a param-
eter type to the total energy, are then minimized. A
combination of modified Simplex and Newton–Raph-
son optimization procedures was shown to be the
most successful in a series of test cases.[3c] We have
optimized and parallelized the code for the fitting
procedure to the point that it is fairly robust and
allows the generation of a reaction specific force field
within a few days. Transition state force fields derived
by the Q2MM method have been successful in ration-
alizing and predicting the experimentally observed
stereoselectivities for a number of reactions.[8]

Many biologically important compounds contain ni-
trogen heterocycles.[9] The synthesis of these heterocy-
cles is therefore of particular interest. A promising
strategy towards such heterocycles is the intramolecu-
lar hydroamination of alkenes and alkynes by an
amine or amine derivative. Many different metal cata-
lysts have been investigated for hydroamination of al-
kenes and alkynes, including lanthanides,[10] transition
metals,[11] and some alkali earth metals.[12] Recently,
we demonstrated the efficient catalysis of intramolec-
ular hydroaminations of alkynes by silver 1,10-phe-
nanthroline complexes.[13,14] Previous studies showed
that phenanthroline can be a useful scaffold for chiral
substituted derivatives that can easily be synthesized
through the SmI2-promoted coupling of phenanthro-
line with chiral ketones, aldehydes and epoxides.[15]

Given the generality of the reaction, the question
arises which of the chiral moieties chosen from any
number of commercially available ketones, aldehydes
or epoxides would give the most suitable ligand for
enantioselective hydroamination. A library of these li-
gands could be prepared, but the task would be ex-
pensive both in cost of chiral materials and in the
time needed to synthesize, purify, characterize, and
screen all possible ligands. Clearly, a pre-selection of
promising ligands would be desirable.

In this paper, we describe the development of a
Q2MM force field for the transition structures of the
silver-catalyzed hydroamination of alkynes that will
be amenable to rapid prediction of the enantioselec-
tivity for a given ligand/substrate combination. We
will start our discussion by briefly describing the
mechanism of the silver-catalyzed hydroamination
and the results from the electronic structure calcula-
tions of the relevant transition structures. We will
then outline the procedure used for the fitting of the

transition state force field and discuss its performance
by comparison with the reference data

Results and Discussion

The kinetics of the silver-catalyzed addition of amines
to p-bonds has been studied in detail by MQller and
co-workers.[16] In short, two competing sites are avail-
able for binding of the catalyst: s-type binding to the
amine represents the resting state, while the p-com-
plex represents the catalytically active form. In the p-
complex of alkyne substrates, the silver complexation
activates the triple bond towards nucleophilic attack
by an amine, emphasizing the increased reactivity of
alkynes over alkenes, which are much less reactive
due to the backbonding of the occupied orbitals on
silver into the p* orbital of the olefin. After forma-
tion of the carbon-nitrogen bond, proton transfer to
the a-carbon completes the hydroamination reaction
and can potentially be mediated by the counterion of
the silver.[17]

In order to develop the necessary MM parameters,
several structures were calculated using QM methods
at the B3LYP level. All of these structures are transi-
tion states for the addition of the amine to the silver-
alkyne complex with a phenanthroline ligand. Nine
such complexes were calculated, with various substitu-
ents on the amine, alkyne and phenanthroline. These
complexes, numbered 1–9, are schematically shown in
Figure 1 and are combinations of ammonia, methyl-
amine or ethylamine for the amine group, acetylene
or propyne as the alkyne, and phenanthroline or 2-
methylphenanthroline for the ligand. These model
systems were selected to investigate different possibil-
ities of regioselectivities and to investigate the steric
factors governing them. The substructure for which
the transition state force field parameters will be de-
veloped and its atom labels are shown in Figure 2.

For comparison, a ground state silver alkyne com-
plex, 10, was also calculated. The calculated structure
of 1 is shown alongside the calculated structure of 10
in Figure 3, selected bond lengths are described in
Table 1, and selected angles and dihedrals are de-
scribed in Table 2. The ground state complex is highly
symmetrical. In 10, the Ag�N bonds are 2.32 R, and
the Ag�C bonds are 2.35 R. Due to the silver binding,
the acetylene is no longer linear, but the C�C�H
bonds now have an angle of 1708. The C�C bond is
1.22 R, which suggests a p-bound alkyne and not a
metallocyclopropene ring. The complex is also planar,
with the alkyne parallel to the phenanthroline ligand.

Attack of the nitrogen nucleophile breaks the sym-
metry. As can be seen from the transition structure
geometry in Figure 3, the free electron pair of the ni-
trogen donates into the antibonding orbital of the
carbon-silver bond. As a result, the Ag�C distances
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are now drastically different for the two carbons, with
the average Ag�C1 distance of 2.75 R over the nine
structures, while the other Ag�C2 distance averages
2.22 R. Similarly, the two phenanthroline Ag�N bond
lengths are also different, with the average Ag�N1

length 2.34 R and the average Ag�N2 length is
2.40 R. The angles around the silver are also fairly
constant. The average N�Ag�N angle in the transi-
tion structures is 71.88 which is only lightly smaller
than in the ground state complex, where the angle is
73.78. The C�Ag�C angle in the transition structures

Figure 1. Transition structures 1–9 and ground state structure 10.

Figure 2. The catalyst and reacting atoms at the transition
state requiring new parameters.

Figure 3. Calculated structures of 1 (left) and 10 (right). Atom types: C – medium gray, H – light gray, N – black, and Ag –
dark gray.
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averages to 26.38, which is expectedly slightly smaller
than in the ground state, where the angle is 30.28. Be-
cause the bond lengths of C1 to the silver increases
while the C2�Ag bond shortens, the angle decreases
as expected. The C1�C2 bond is also slightly longer in
the transition state structures than in the ground state
complex, with an average bond length of 1.25 R. The
lengthening of this bond suggests that the bond is
transitioning from an alkyne to an alkene. This is cor-
roborated by the decreases in the alkyne bond angles,
with the average C1�C2�H angle being 1428 and the
C2�C1�R angle averaging 1608. The forming C1�N3

bond, which has no comparison in the ground state
structure, was calculated to have an average length of
2.37 R and was fairly consistent throughout all struc-
tures. The transition states are also not all planar as
the ground state structure was. To quantify this pla-
narity, the C1�N1�N2�Ag and the C2�N2�N1�Ag di-
hedral angles were measured. Transition structures 1
and 2 were calculated to be planar, and both dihedral
angles were 08. The rest of the structures had varied
deviations from planarity. Structure 3, which has a
C1�N1�N2�Ag dihedral angle of �1.28 and a C2�N2�
N1�Ag dihedral of �0.48, showed the smallest devia-
tion from planarity. Structures 4, 5, 6, and 9 showed
C1�N1�N2�Ag dihedral angles ranging from 7.58 to

9.88 and C2�N2�N1�Ag dihedral angles ranging from
�2.08 to �3.78. Structures 7 and 8 were calculated to
have dihedral angles of a similar magnitude, but of
the opposite sign, measuring �8.58 and �8.28, respec-
tively, for C1�N1�N2�Ag and 1.28 and 2.88 for C2�N2�
N1�Ag. Overall, the nine transition structures show a
high level of consistency about the bonds to silver,
the forming C�N bond, and the changing C�C bond.

In order to calculate this system using MM meth-
ods, new parameters around the substructure shown
in Figure 2 must be defined. The first set of these pa-
rameters deal with the silver. Since the MM3* param-
eter set that was chosen as the functional form of the
force field was designed for hydrocarbons and small
organic molecules, there are no parameters for transi-
tion metal atoms. Therefore, all bonds, angles, and
torsions that involve the silver atom must be added to
the force field. Secondly, since the system is a transi-
tion state, the forming C�N bond and changing C�C
bond will be inadequately described by the parame-
ters for ground state C�N single bonds and C�C
triple bonds, respectively. New parameters must be in-
cluded for these bonds, and also any angles or tor-
sions that encompass these bonds. In order to restrict
these new parameters to only the bonds in question,
and not other C�C or C�N bonds, these new parame-

Table 1. Selected bond lengths in substrates 1–10. All bond lengths are given in angstroms.

Structure Ag�C1 Ag�C2 Ag�N1 Ag�N2 C1�C2 C1�N3

1 2.74 2.21 2.35 2.40 1.25 2.27
2 2.67 2.23 2.34 2.39 1.24 2.41
3 2.68 2.23 2.34 2.39 1.24 2.42
4 2.91 2.20 2.35 2.43 1.26 2.35
5 2.93 2.20 2.36 2.43 1.26 2.28
6 2.70 2.23 2.33 2.40 1.24 2.41
7 2.72 2.23 2.33 2.41 1.24 2.40
8 2.68 2.24 2.35 2.39 1.24 2.40
9 2.68 2.24 2.35 2.39 1.24 2.41
10 2.35 2.35 2.32 2.32 1.22 –-
Average (1–9) 2.75 2.22 2.34 2.40 1.25 2.37

Table 2. Selected angles and dihedral angles in substrates 1–10. All values given in degrees.

Structure C1�C2�H C2�C1�R N�Ag�N C�Ag�C C1�N1�N2�Ag C2�N2�N1�Ag

1 140.8 157.3 71.7 26.6 0.0 0.0
2 145.3 161.5 72.0 27.6 0.0 0.0
3 145.2 161.6 72.0 27.5 �1.2 �0.4
4 135.1 158.2 71.1 23.6 9.8 �2.1
5 133.7 156.3 71.0 23.3 7.7 �2.0
6 144.9 161.3 72.2 27.1 7.8 �2.2
7 144.3 161.0 72.1 26.8 �8.5 1.2
8 145.0 160.8 72.0 27.4 �8.2 2.8
9 145.1 161.1 72.1 27.5 7.5 �3.7
10 169.7 169.8 73.7 30.2 0.1 �0.1
Average (1–9) 142.2 159.9 71.8 26.4 1.7 �0.7
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ters will be put within a substructure defined in the
MacroModel program. This substructure is the con-
stant section of the molecule that is shown in
Figure 2, and these new parameters will not be used
elsewhere in the molecule.

The first step in adapting the force field to include
this system is to add entries for any missing parame-
ters. Within the parameter file, bonds and angles are
defined by an “ideal” geometrical measurement and a
force constant, with the optional addition of a dipole
moment for bonds. Since the bonds and angles that
are needed are fairly constant between structures, the
average value for all calculated structures for the pa-
rameter is used as a starting value for the new param-
eter. The force constants are set at the initial values
5.0 mdyn R�1 for bonds and 0.5 mdyn rad�2 for
angles. The MM3 force field uses a three-term cosine
series to describe dihedral angles, and therefore the
three constants for this series are included in the
force field file, denoted V1, V2, and V3. Initial values
for these dihedrals require some chemical knowledge
of the system and cannot rely on default values. Any
dihedrals that may end up with three collinear atoms
or that are ambiguously defined have all three con-
stants set to zero and are not optimized. For instance,
the two nitrogens in the phenanthroline cannot be
distinguished based upon their bonding environment,
and therefore dihedral parameters including one of
these atoms are set to zero. Other dihedrals have ini-
tial values set based upon the estimated shape of the
potential energy as a function of the dihedral. For ex-
ample, dihedrals that would be at a minimum either
eclipsed (08) or anti (1808) are defined with positive
values for V2 and V1=V3=0. In this reaction, the pla-
narity, or approximate planarity, of the phenanthro-
line and alkyne must be described through an improp-
er dihedral. These improper dihedrals are defined be-
tween four atoms that may not be directly bound to
each other. Two examples of these improper dihedrals
are the C1�N1�N2�Ag and C2�N2�N1�Ag dihedrals
discussed earlier. A third improper dihedral was de-
fined over C1�C2�N2�N1, but due to the ambiguity of
the nitrogens, the same parameter also applies to the
C1�C2�N1�N2 dihedral, which would be out of phase
with the first by 1808. A dual minimum dihedral with
the minima 1808 apart can be described by letting V2

dominate the parameter.
Once all of the necessary parameters were added to

the force field file, the parameters were optimized to
reproduce the QM through the use of Q2MM optimi-
zation method, as described previously.[5,6] Since all of
the included structures were transition structures, the
Hessian matrices used in the parameterization includ-
ed one negative frequency and thus are a maximum
in one dimension. To adapt this for a ground state
force field, we used the eigenvalue inversion method
proposed by Houk and coworkers.[18] Here, the Hessi-

ans were modified to replace the one negative eigen-
vector with a large positive value, and therefore the
modified Hessians represent local minima at the tran-
sition state geometry.

The new optimized parameters are listed in the
Supporting Information. Parameters used by Macro-
Model are defined to four decimal places. While the
precision of the parameters is somewhat excessive,
the parameter optimization procedure is performed
within the defined input of MacroModel. The result-
ing parameters are reported to the level of accuracy
required by the program. The dipole moments that
are included are used by MacroModel to calculate
atomic charges in the molecule. Therefore, the param-
eterization of the electrostatics is done through the
refinement of a bond dipole, but the accuracy is deter-
mined through the comparison of the MM atomic
charges to the QM charges calculated through elec-
trostatic potential fitting. Due to the alteration of the
Hessian during the parameterization, the force con-
stants for bonds and angles that are involved in the
reaction coordinate are significantly higher than their
ground state counterparts. These large force constants
result from the negative eigenvalue being replaced
with a large positive value that generates a large re-
storing force to the transition state geometry along
the reaction coordinate. In the forming C1�N3 bond,
the bond length parameter is 2.37 R with a force con-
stant of 15.3374 mdyn R�1. This parameter is in excel-
lent agreement with the calculated average of 2.37 R.
For comparison, the bond length parameters from the
MM3 force field for a C�N single bond has a bond
length of 1.38 R and a force constant of 6.32 mdyn
R�1. Similarly, the former alkyne bond, C1�C2, has a
bond length parameter of 1.25 R, which is in agree-
ment with the calculated average bond length of
1.25 R, and intermediate to the MM3 parameters of
1.21 R for a C�C triple bond and the 1.332 R for a
C=C double bond. The force constant of the C1�C2

bond is also quite large, 24.2141 mdyn R�1, compared
to 15.25 mdyn R�1 for an alkyne and 7.50 mdyn R�1

for an alkene. The angles involving these bonds also
have relatively large force constants. For example, the
N3�C1�C2 angle has a force constant of 5.4246 mdyn
rad�2, whereas the corresponding parameter for a
normal enamine has a force constant of 0.6 mdyn
rad�2 in the MM3* force field.[21] The new parameters
for silver are within expectations from the QM data.
The Ag�N bond length is 2.37 R, which is intermedi-
ate to the 2.34 R and 2.40 R averages described previ-
ously. The N�Ag�N angle has a force constant of
zero, therefore letting the bond lengths determine the
position of the silver relative to the phenanthroline
ligand. The two Ag�C distances were defined sepa-
rately, with the Ag�C1 bond having a parameter
length of 2.67 R, which is slightly shorter than the
2.75 R average. The Ag�C2 bond has a parameter
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length of 2.27 R, which is slightly longer than the cal-
culated average of 2.22 R.

The QM optimized structures were then optimized
using MacroModel with the new parameters. The
complexes showed general agreement, with only
minor discrepancies between the structures. The QM
versus MM comparison of selected bonds is shown in
Table 3, and selected angles and dihedrals are shown
in Table 4. The Ag�C bond lengths are in good agree-
ment between the two methods. The Ag�C1 bonds
show a wider range of values in QM structures than
in the MM structures. In previous Q2MM studies, a
similar observation has been observed for bonds di-
rectly involved in the transition state; however, this
steric effect was shown not to affect the relative ener-
gies, and by extension, selectivities of the reaction
since any error is generally systematic.[8b] The MM
calculated Ag�N bond lengths, however, are slightly
longer than the QM reference bond lengths. Further-
more, the Ag�N1 bonds are generally shorter than the
Ag�N2 bonds in the MM calculations, whereas they
are longer in the QM calculations. This discrepancy is
most likely caused by having a single Ag�N bond pa-
rameter in the force field and the parameter includes
a fairly weak force constant (0.4186 mdyn R�1). The
C1�C2 and C1�N3 bonds lengths are in agreement
with the QM values. However, due to the high force

constants associated with these new bond parameters,
the values of 1.24 R and 2.37 R, respectively, are
almost constant over all structures. Significant elec-
tronic or steric effects that may affect the lengths of
these transition state bond distances may not be well
reproduced by these force field parameters due to
these high force constants. The selected angles in
Table 4 show similar trends. The C1�C2�H and C1�
C2�R angles are reproduced well, as is the C�Ag�C
angle. However, since the Ag�N bonds are slightly
longer in the MM calculations than in the QM struc-
ture, the N�Ag�N angle is therefore slightly smaller.
The improper torsion parameters in the force field
are set with V2 being a positive value and V1=V3=0,
therefore setting minima at 08 and 1808. All of the
structures have minimized to have the C1�N1�N2�Ag
and C2�N2�N1�Ag dihedrals minimize to exactly
zero. While the QM structures have much larger devi-
ations from these values in some cases, the energy
barrier to rotation along these improper dihedrals is
set to be rather low, less than 2 kcalmol�1. Deviations
from planarity based on steric effects from the ligand
are therefore not excluded, and the system is not con-
strained to be planar. Overall, the QM structures and
MM structures have very good agreement. The
RMSD values for the corresponding structures are
shown in Table 5. For the “all atom” RMSD values,

Table 3. Comparison of QM and MM bond distances in transition structures 1–9 in angstroms.

Structure Ag�C1 Ag�C2 Ag�N1 Ag�N2 C1�C2 C1�N3

QM MM QM MM QM MM QM MM QM MM QM MM

1 2.74 2.70 2.21 2.24 2.40 2.46 2.35 2.49 1.25 1.24 2.27 2.37
2 2.67 2.70 2.23 2.24 2.39 2.46 2.34 2.49 1.24 1.24 2.41 2.37
3 2.68 2.70 2.23 2.24 2.39 2.46 2.34 2.49 1.24 1.24 2.42 2.37
4 2.91 2.79 2.20 2.19 2.43 2.47 2.35 2.48 1.26 1.24 2.35 2.37
5 2.93 2.79 2.20 2.19 2.43 2.47 2.36 2.49 1.26 1.24 2.28 2.37
6 2.70 2.70 2.23 2.24 2.40 2.42 2.33 2.55 1.24 1.24 2.41 2.37
7 2.72 2.70 2.23 2.24 2.41 2.42 2.33 2.55 1.24 1.24 2.40 2.37
8 2.68 2.70 2.24 2.24 2.39 2.52 2.35 2.44 1.24 1.24 2.40 2.37
9 2.68 2.70 2.24 2.24 2.39 2.52 2.35 2.44 1.24 1.24 2.41 2.37

Table 4. Comparison of QM and MM angles and dihedral angles in transition structures 1–9 in degrees.

Structure C1�C2�H C2�C1�R N�Ag�N C�Ag�C C1�N1�N2�Ag C2�N2�N1�Ag
QM MM QM MM QM MM QM MM QM MM QM MM

1 140.8 142.0 157.3 161.0 71.7 63.1 26.6 27.2 0.0 0.0 0.0 0.0
2 145.3 142.0 161.5 161.1 72.0 63.1 27.6 27.2 0.0 0.0 0.0 0.0
3 145.2 142.0 161.6 161.0 72.0 63.1 27.5 27.2 1.2 0.0 �0.4 0.0
4 135.1 136.0 158.2 152.6 71.1 63.0 23.6 25.5 �9.8 0.0 �2.1 0.0
5 133.7 135.9 156.3 152.6 71.0 63.0 23.3 25.5 �7.7 0.0 �2.0 0.0
6 144.9 142.0 161.3 161.0 72.2 63.2 27.1 27.2 �7.8 0.0 �2.2 0.0
7 144.3 142.1 161.0 160.6 72.1 63.2 26.8 27.2 8.5 0.0 1.2 0.0
8 145.0 142.0 160.8 161.1 72.0 63.4 27.4 27.2 8.2 0.0 2.8 0.0
9 145.1 142.1 161.1 161.0 72.1 63.4 27.5 27.2 �7.5 0.0 �3.7 0.0
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there are some larger deviations, notably for 7. In this
case, the large deviation is caused from a dihedral ro-
tation of the ethylamine around the forming C�N
bond, and the deviations of the rest of the structure
are minor. For a comparison of just the section of the
molecule involving the new parameters, the “core”
RMSD values are also given. These RMSD values are
only for the atoms in the reactive center of the mole-
cule described in Figure 2. The RMSD values for the
core of all structures are very low, around 0.2 R, and
consistent across all structures. The new force field
parameters, therefore, describe the silver-phenanthro-
line-catalyzed hydroamination of alkynes in agree-
ment with the DFT calculations.

Conclusions

Using the Q2MM method, new force field parameters
were developed to represent the transition state for
the silver-catalyzed hydroamination of alkynes. These
parameters were derived from representative DFT
calculations, and are applicable for a wide range of
substrates and ligands. Through use of this force field,
energy differences between diastereomeric transition
states can be calculated and the enantioselectivity of
a reaction predicted computationally. These calcula-
tions will allow for the virtual screening of a library of
ligands without the need for every ligand in the li-
brary to be synthesized or purchased, and will help to
reduce the cost of optimizing an enantioselective re-
action in terms of time and materials. Studies directed
towards the experimental verification of these predic-
tions using chiral silver complexes for the desymmet-
rization of a meso diyne, as described in Figure 4,[13]

are currently in progress and will be reported in due
course.

Experimental Section

Computational Methods

All electronic structure calculations were performed with
Jaguar 4.2[19] using the B3LYP functional[20] together with
the LACVP* basis set[21] in the gas phase. Earlier studies by
our group[22] and others[23] have shown that this methodology
is suitable for the calculation of silver-alkyne complexes of
the type discussed here. Transition structures were located
by the eigenvalue following routing implemented in Jaguar
and the Hessian matrix was obtained by harmonic frequency
calculations Force field calculations were performed with
MacroModel[24] using an MM3* force field with additional
terms generated by the Q2MM method, using geometries
and Hessian matrix elements for the substructures discussed
in the text. The force field fitting procedure was used as de-
scribed elsewhere.[5,6]
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