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ABSTRACT: The stereodynamics of an ultrafast (picosecond) isomerization in a
penta-coordinated ruthenium complex, Ru(S2C2(CF3)2)(CO)(PPh3)2, were charac-
terized by density functional theory (DFT). The ruthenium complex crystallizes in two
almost-square pyramidal (SP) forms. The violet form has an apical PPh3 ligand, the
orange form has an apical CO ligand, and their solution displays three CO stretching
frequencies. With 4 possible centers of chirality (1 ruthenium, 2 phosphines, and 1
dithiolate), there are 24 stereoisomers. DFT calculations of these stereoisomers show
structures ranging from almost-perfect SP (τ5 ≈ 0) to structures significantly distorted
toward trigonal bipyramidal (TBP) (τ5 ≈ 0.6). The stereoisomers fall neatly into three
groups, with νCO ≈ 1960 cm−1, 1940 cm−1, and 1980 cm−1. These isomers were found
to interconvert over relatively small barriers via Ru−S bond twisting, CF3 rotation,
phenyl twisting, PPh3 rotation, and, in some cases, by coupled motions. The composite
energy surface for each CO frequency group shows that interconversions among the
low-energy structures are possible via both the direct and indirect pathways, while the
indirect pathway via isomers in the νCO ≈ 1980 cm−1 group is more favorable, which is a result consistent with recent experimental
work. This work provides the first complete mechanistic picture of the ultrafast isomerization of penta-coordinated, distorted SP, d6-
transition-metal complexes.

1. INTRODUCTION

The conformational flexibility of penta-coordinated compounds
plays a key role in the stereoselectivity and catalytic activity in
metallocomplexes.1−11 Although the interconversions between
ideal trigonal bipyramidal (TBP) and ideal square pyramidal
(SP) structures of penta-coordinated compounds are usually
facile and rapid,12 alternative nonideal coordination geo-
metries13−19 and their fluxional behavior1−7,11b,20−27 present a
challenge for simple intramolecular exchange mechanisms. Over
the past decades, several mechanistic proposals for different
metal−ligand species have been made.1−7,20b,20,8a,9,13−19,21−38

Berry pseudorotation (BPR)29 is the most commonly proposed
mechanism to describe the interchange of axial and equatorial
substituents of penta-coordinated, TBP species. In addition to
BPR, other mechanisms include the following: the tetrahedral
jump for quasi-tetrahedral HML4 and H2ML3 complexes;2,20b,38

the turnstile rotation,20,34−37,39,40 which involves an internal
rotation of a trio, with respect to pair of substituents; and the
reverse BPR,9,17,41 which stereomutates more stable SP
structures through a TBP transition state (TS). In addition,
three new rearrangement mechanismsmodified Berry pseu-
dorotation, octahedral switch, and butterfly isomerization
have been postulated to account for the nonideal penta-

coordinated d7-transition-metal complexes.11a However, very
few studies9,42 address the apical and equatorial ligand exchange
in distorted-SP penta-coordinated, d6-transition-metal com-
plexes.
The penta-coordinated ruthenium complex, Ru-

(S2C2(CF3)2)(CO)(PPh3)2, was first synthesized and charac-
terized by Miller and Balch in 1971, and was found to exist as
two different crystalline forms: 1-a (violet, Figure 1) and 2-c
(orange, Figure 1).43a Single-crystal X-ray diffraction (XRD)
studies revealed that both conformers had a SP geometry and
differed only in the site of the carbonyl ligand. The more-stable
orange isomer was found to have the CO ligand in the apical
position while the violet isomer had the CO in the equatorial
position.43 Recently, the stereodynamics of this ruthenium
complex and related ones have been characterized by using both
Fourier transform and two-dimensional (2D) infrared (IR)
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spectroscopy.44 In dichloromethane solutions, three individual
carbonyl stretching frequencies (νCO) in the vicinity of 1960,
1940, and 1980 cm−1 were observed. The νCO bands near 1940
and 1960 cm−1 are in good agreement with the previously
reported solid-state Fourier transform infrared (FTIR) spec-
tra43a of the orange and violet isomers, respectively. The third
νCO band near 1980 cm−1 was classified as a nonisolable,
metastable TBP isomer. By using 2D IR spectroscopy, the
ultrafast interconversion of the violet (COequatorial, 1-a) and
orange (COapical, 2-c) isomers in solution was observed to occur
in a few picoseconds (k ≈ 10−12), and proposed to be mediated
by a TBP intermediate (0-b), following a reverse BPR
mechanism (Figure 1). The experimentally determined
thermodynamic stabilities of these isomers from the most stable
2-c to the least stable 0-b and the kinetic data for their
interchange are shown in Figure 1.
Interestingly, as shown in Scheme 1, the detailed geometries

of the isomers reveal that this ruthenium compound has chirality
not only at the ruthenium itself (I, II, III), but also on the
enantiomeric conformations of metal-coordinated PPh3 (de-
noted asPM andPP),

45 and of the S2C2(CF3)2 group (denoted as
LU and LD). These conformational features of the S2C2(CF3)2
group have been observed in the crystal structures, where the
CF3 groups were experimentally observed to have large
librational motion43c,d and disorder.44b Specifically, the
crystallographically determined equatorial CO isomer 1, which
is structurally denoted as 1(ILU

PPPM), has Ru in the I conformation,
the equatorial PPh3 in the PM conformation, the apical PPh3 in
the PP conformation, and the CF3 groups in the LU
conformation. In contrast, the crystallographically determined
apical CO isomer 5′, which is denoted as 5′(IILD

PPPM) has Ru in the
II conformation, the equatorial PPh3 groups in PP and PM
conformations, and the CF3 groups in the LD conformation.
Based on the assumption that transition states connecting the

different stereoisomers involve changes of one stereocenter at a
time, possible stereomutation mechanisms of this penta-

coordinated ruthenium species are displayed in Scheme 2. For
the ruthenium stereochemistry, twisting either of the Ru−S
bonds from a basal site of the SP to the vacant octahedral
position lead to the apical and basal ligand interchange,
producing three conformations (I, II, and III). The enantio-
meric conformations I and III bear the apical PPh3 in the SP
structure, whereas conformation II possess the apical CO in the
SP structure (Scheme 2a). This stereomutation resembles both
the octahedral switch mechanism described by Asatryan,
Ruckenstein, and Hachmann for penta-coordinated d7 HM-
(CO)4 complexes,11a and the equatorial−axial ligand exchange
mechanism involving a C2V TS proposed by Burdett et al. for
penta-coordinated d6 M(CO)5 complexes.9 Exchange between
the LU and LD conformations of the CF3 group occurs via CF3
group rotation (Scheme 2b), while the metal coordinated PPh3
conformations of PM and PP are interchanged through the
phenyl rings twisting (Scheme 2c). It is possible for a PPh3
ligand to remain in the same conformation while simply rotating
about the Ru−P bond. This effectively changes the orientation
of the phenyl ring, with respect to the other ligands (Scheme
2d).
Taking these permutations into account, for the violet,

COequatorial isomer, chirality about the ruthenium (I and III), the
phosphine ligands (M and P), and dithiolate ligand (U and D),
results in four stereochemical centers, giving 16 stereoisomers
and 8 diastereomers. Furthermore, the orange COapical isomer,

Figure 1. Isomerization of Ru(S2C2(CF3)2)(CO)(PPh3)2 as previously
described.44 Although the structure of 0-b in ChemDraw (above)
seems to be TBP with axial PPh3 groups, their DFT optimized structure
for 0-b is closer to a distorted SP with an apical S, as indicated by the
two greatest valence angles (S−Ru−C = 178.1° and P−Ru−P =
163.6°). By comparison of the experimental and DFT computed
thermodynamic and kinetic data, this work shows that a different
isomer with an apical PPh3 and a distorted SP geometry (τ5 = 0.4) is
more consistent with the experimentally observed CO frequency near
1980 cm−1 (see Figure S1 in the Supporting Information (SI)).

Scheme 1. Possible Stereogenic Centers for (a) Ru (I, II, and
III), (b) PPh3 (PP and PM), and (c) S2C2(CF3)2 Group (LU
and LD), and (d) the Two Crystal Structuresa

aPM indicates that the phenyl rings are clockwise on the phosphorus,
while PP indicates that the phenyl rings are counterclockwise on the
phosphorus.
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II, has three stereochemical centers, resulting in 8 stereoisomers
and 4 diastereomers. Thus, this system has 12 diastereomers in
total, each with different energies and spectral signatures;
however, if the barriers for the PPh3 rotation (Scheme 2d) are
large enough, there could be evenmore. The possibility of such a
large number of diastereomers raises a number of crucial
questions:

(1) What isomeric transformation(s) connect the two
crystallographically characterized systems?

(2) What paths connect these to the metastable third isomer?
(3) Do the three experimentally observed νCO bands near

1960, 1940, and 1980 cm−1 correspond to single
diastereoisomers or do several related diastereomers
have similar energies and frequencies?

(4) Could alternative diastereomers be stabilized under other
solvo-thermo conditions?

(5) Are there more isomers of these compounds that
correspond to other ligand arrangements?

In this paper, by beginning with each crystal structure, all of
the possible stereomutation mechanisms (Scheme 2) were
examined with DFT calculations. Each subsequently formed
stereoisomer was then transformed by all possible paths until all
the interchange pathways and stereoisomers were found. The
resulting stereoisomers, conformational isomerization mecha-
nisms, and the critical points, including transition states, on the
potential energy surfaces were comprehensively analyzed.
Furthermore, we assigned the three, experimentally observed,
νCO bands (∼1960, 1940, and 1980 cm−1) into three groups of
diastereoisomers. This detailed mechanistic study provides a
complete picture of the conformational isomerization in a penta-
coordinated, d6-transition-metal complex.

2. COMPUTATIONAL METHODS
DFT calculations were performed with the Gaussian 09 program
suite.46 Benchmarking studies with six different DFT functionals,
including BP86,47,48 TPSS,49 ω-B97XD,50 B3LYP,47,48a,b B3P86,47,48c

and M0651,52 are shown in the Supporting Information (SI).

Scheme 2. Possible General Stereomutation Mechanisms
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Comparisons of the energies and geometries of the singlet and triplet
states for optimized geometries corresponding to 1 and 5′ show that (i)
the singlet states are significantly more stable and (ii) their geometries
are more consistent with experimental data, compared to the
corresponding higher-energy TBP-like triplet states (Tables S1−S3 in
the SI). Thus, we only focus on the singlet states for all of the isomers.
The geometries of 1 and 5′ were sensitive to DFT functionals,

dispersion corrections, and implicit solvation corrections (see Tables
S4−S8 in the SI). Specifically, the BP86, TPSS, B3P86, and B3LYP
functionals reproduce the experimental geometries of 1 and 5′ much
better than ω-B97XD, M06, and BP86 with empirical dispersion
corrections (BP86-GD3BJ),53 especially for 5′, where the dispersion
correction increases the C−Ru−S2 angle and decreases the P2−Ru−S2
angle (Scheme 3 and Table S6). Reoptimizing the geometries of 1 and

5′ in solvent with BP86, BP86-GD3BJ, B3P86, M06, and ω-B97XD
functionals (Tables S5, S7, and S8) decreases the C−Ru−S2 angle and
increases the P2−Ru−S2 angle (Scheme 3 and Table S7).
Therefore, all of the geometries were fully optimized without

symmetry constraints in the gas-phase using the BP86 functional in
combination with the basis set def2-TZVP54 (Ru, S, P, andO) and def2-
SVP54 (C and H) (denoted as BS1). By comparison with the larger
basis set def2-TZVP for all the atoms (denoted as BS2), BS1 was found
to be an acceptable compromise between accuracy and cost (see Tables
S4−S7 and S9 in the SI, and Schemes S1 and S2 in the SI). Harmonic
vibrational frequency analysis was calculated at the same level to
confirm the nature of the minima (no imaginary frequency) and
transition states (only one imaginary frequency). The thermal
corrections, entropy terms, and the CO frequencies for the optimized
geometries were obtained from the frequency calculations. The
transition states were verified to connect reactants and products
through intrinsic reaction coordinate (IRC)55 calculations.
Single-point calculations were computed at these gas-phase

optimized structures with the BP86/def2-TZVPP56 (denoted as BS3)
level of theory. Solvation effects using methylene chloride (DCM) as
the solvent were taken into account in the single point calculations with
the continuum solvation model SMD.57 DFT-D3 with BJ damping
empirical dispersion corrections was employed for the BP86 functional
in the single-point calculations. All of the reported energies and barriers
in this work include BS2 gas-phase thermal correction at 298.15 K. To
facilitate the comparison, the experimental barriers were transformed to
ΔH⧧ values, using the relation ΔH⧧ = Ea − RT, where Ea is the
activation energy, R the gas constant, and T the temperature.
To distinguish the degree of distortion in an isomer’s geometry, the

parameter τ5, ranging from SP (τ5 = 0) to TBP (τ5 = 1), as proposed by
Addison et al.,58 is reported (Scheme 4).

3. RESULTS AND DISCUSSION
Scheme 5 shows the 24 possible stereoisomers on the basis of
four chiral centers: ruthenium (I, II and III), each P (PP and
PM), and the two CF3 groups (LU and LD), and the
stereomutations that convert one to another. Unexpectedly,
isomers 13(IILU

PMPP)/13′(IILD

PMPP) and 14(ILU

PMPP)/14′(ILD

PMPP) (the P
in the first order denotes the apical PPh3 conformation) are not
transformed to the expected low-energy isomers from their
respective Ru stereochemistry (I, II, III) via twisting one of the
Ru−S bonds (Scheme 5 in blue; see Figure S2 in the SI).
Specifically, isomers 13/13′ are high in energy (4.5 kcal/mol),
because of the steric hindrance of the two phenyl rings at two
phosphines (Figure S2). The twist permutation of the dithiolate

ligand in either 5(IILU

PPPM)/5′(IILD

PPPM) or 10(IIILU

PPPM)/10′(IIILD

PPPM)

is expected to produce the corresponding isomers 14(ILU

PMPP)/

14′(IILD

PMPP). However, the calculations predict that the transition
state reconnects the isomers 5/5′ and 10/10′ without passing
through 14/14′, likely because of the high thermodynamic
stability of 5/5′. Although 14/14′ can be found (Figure S2), the
conversion from 14/14′ to 5/5′ appears to be almost barrierless,
so 14/14′ was not included as stable species in the rearrange-
ment scheme. This result also holds true for the other tested
DFT functionals, such as B3LYP, TPSS, and B3P86. The

a l t e r n a t i v e i s o m e r s 3 I 3 I( )/ ( )L
P P

L
P P

U
M
a

M
D
M
a

M′ a n d

9 III 9 III( )/ ( )L
P P

L
P P

U
M
b

P
D

M
b

p′ (where superscripts a and b indicate of
the phenyl rings positional changes without permutation) are
involved in the rearrangement scheme.

Scheme 3. Two Key Angles in 5′: C−Ru−S2 and P2−Ru−S2

Scheme 4. Ideal Square Pyramidal and Trigonal Bipyramidal
Geometriesa

aα and β are the two greatest valence angles (ligand−M−ligand). A
value of τ5 = 0 indicates an ideal SP, while a value of τ5 = 1 indicates
an ideal TBP.

Scheme 5. 24 Stereoisomers in This Systema

aThe isomers 13(IILU

PMPP)/13′(IILD

PMPP) and 14(ILU

PMPP)/14′(ILD

PMPP)
(Figure S2) are not involved in the rearrangement scheme (see
below).
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Figure 2 depicts the diastereoisomers 1−12 with the CF3
group conformation LU, and their enantiomers 1′−12′ with the
CF3 group conformation LD are given in Scheme S3. Inspection
of the computed τ5 values (0.0−0.6) in Figure 2 reveals that all
isomers have the distorted geometries, wherein isomers 1−5, 8−
12 are displaced toward SP structures (τ5 = 0.0−0.4), while
isomer 6 and 7 feature a more TBP-like structure (τ5 = 0.6).
Similar to the crystal structure of the violet isomer, 1(ILU

PPPM)

isomers 3 I( )L
P P
U
M
a

M , 7 I( )L
P P
U
M
b

M , and 11(ILU

PPPP) bear the ruthenium

stereochemistry I with an equatorial CO, while isomers
2(IILU

PPPP), 5(IILU

PPPM), and 8(IILU

PMPM) resemble the orange isomer,

which is 5′(IILD

PPPM) with an apical CO and ruthenium

stereochemistry II. Isomers 4 III( )L
P P
U
M
a

P , 6(IIILU

PPPP), 9 III( )L
P P
U
M
b

P ,

10(IIILU

PPPM), and 12(IIILU

PMPM) have an equatorial CO with the

alternative ruthenium stereochemistry III. The calculated
average C−C and C−S bond distances for all the isomers (1−
12) of 1.377 and 1.735 Å, respectively (Figure 2), are in good
accord with the dithiolate (two electron-reduced) character of
the ligand (C−C and C−S bond distances of 1.337 and 1.761
Å),59 which yields a Ru(II) d6 assignment for all the isomers 1−
12, in excellent agreement with the experiment.44

Figure 2. DFT-optimized geometries of stereoisomers 1−12 with selected bond distances (Å) and angles (deg), the parameter τ5, and scaled CO
frequencies (cm−1) at the BP86/BS2 level. The scaling factor for νCO is obtained by averaging the two individual scaling factors of two crystals 1 and 5′.
“AP” in the circle denotes the apical position in the SP structure, which is displayed in the first order in the notation, while superscripts “a” and “b”
indicate PPh3 rotation without Ph twisting.
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Comparisons of isomers 1−12 (Figure 2) and the
corresponding isomers 1′−12′ (Scheme S3) indicate that the
CF3 group conformational interchange between LU and LD has
little influence on the geometries, relative free energies, and CO
frequencies. The small Gibbs free-energy barriers (<2.3 kcal/
mol) indicate that the interconversion between isomers 1−12
and the corresponding isomer 1′−12′ occur easily and fast at
room temperature, which is supported by experimental work on
the crystal structures43c,d and the related ruthenium complex-
es.44b To simplify our presentation, we focus on the isomers 1−
12 with the CF3 group conformation LU in the main text, similar
details about the isomers 1′−12′ with the CF3 group
conformation LD are displayed in the SI.
In a previous study, three νCO bands near 1980, 1960, and

1940 cm−1 were observed in solution.44 DFT calculations show
that the scaled νCO frequencies for isomers 1 (1957 cm−1), 4
(1956 cm−1), 9 (1955 cm−1), 11 (1954 cm−1), and 12 (1954
cm−1) are in good agreement with the experimentally observed
νCO band at 1960 cm−1, as are the scaled νCO frequencies for
isomers 2 (1940 cm−1), 3 (1942 cm−1), 5 (1943 cm−1), and 8
(1939 cm−1) with the reported νCO band near 1940 cm−1. The
third νCO band in the vicinity of 1980 cm−1 was found to
correspond well with isomers 6 (1971 cm−1), 7 (1971 cm−1),
and 10 (1974 cm−1). To elucidate if the DFT functional and
basis set would cause any significant νCO changes in isomers, the
geometries of 1−12 were reoptimized in gas phase with B3P86,
TPSS, and B3LYP functionals in combination with the larger
basis set BS2. The resulting scaled νCO values of 1−12 match
those obtained at BP86/BS1 and BP86/BS2 levels very well (see
Table S9 in the SI).
Unexpectedly, for isomers 1−12, there is not a clear

connection between CO position, frequency, or Ru stereo-
chemistry (I, II, and III). However, inspection of other
geometric parameters for all the isomers (except 3) reveals
that two valence angles (θ1 = C−Ru−S and θ2 = P−Ru−S)
exhibit a clear trend, relative to the CO frequency spanning 1980
cm−1 to 1940 cm−1 (Figure 3). The orange isomer with νCO ≈
1940 cm−1 corresponds to 5/5′with νCO = 1943 cm−1, the violet
isomer with νCO≈ 1960 cm−1 corresponds to 1 with νCO = 1957
cm−1, and the spectroscopically characterized isomer with νCO≈

1980 cm−1 corresponds to isomer 10 with νCO = 1972 cm−1. In
Figure 3, one can follow the changes of the key angles (θ1 = C−
Ru−S and θ2 = P−Ru−S) from 10 (168.9°, 143.3°) to 1 (155.9°,
155.9°) and finally to 5 (114.7°, 169.2°).
Isomer 3 I( )L

P P
U
M
a

M presents a special case. Although 3 has

geometric parameters like isomer 11(ILU

PPPP)(Figure 4), as

reflected by the Ru−S, Ru−P, Ru−C distances and especially
the key angles of θ1 and θ2 (144.8° and 162.9° for 3, 144.4° and
165.3° for 11), the CO frequencies for isomer 3 (1942 cm−1)
and 11 (1954 cm−1) are in different ranges, near 1940 and 1960
cm−1, respectively. The similar geometries but different CO
frequencies can be explained by the formation of a hydrogen
bond (H−O) between the H in the phenyl ring and the O in
carbonyl ligand, H−O. Figure 4 shows that the PM
conformations of both PPh3 in isomer 3 render shorter H−O
bond distances of 2.53 and 2.58 Å, while thePP conformations of
both PPh3 in isomer 11 render longer H−O bond distances of
2.90 and 2.73 Å. The stronger H−O bonds in isomer 3 decrease
the CO frequency by withdrawing electron density, such as weak
carbonyl−cation interactions.60

To better understand the relationship between thermody-
namic stability and CO frequency for isomers 1−12, the isomers
were divided into three subsets relating their DFT calculated
νCO frequencies (Scheme 6). The first subset consists of isomers
1, 4, 9, 11, and 12 with νCO frequencies near 1960 cm−1 and are
ranked in order of decreasing stability as (4, 1) > (12, 11) > (9).
The second subset contains isomers 2, 3, 5, and 8 with a υCO
frequency near 1940 cm−1 and a relative stability ranking of (5)
> (3) > (2, 8). Finally, the third subset corresponds to isomers 6,
7, and 10 with υCO frequencies near 1980 cm−1 and are ranked
with relative stabilities of (10) > (6, 7). Upon comparing the
most stable isomers for each subset, the thermodynamic stability
was found to decrease from 5, to 1 and 4, and further to 10. This
thermodynamic order holds true for all tested DFT functionals
with a larger basis set (Scheme S1 in the SI) and is completely
consistent with the experimental results.44

To assess the isomerization pathways shown in Scheme 6,
both those connecting isomers belonging to one CO frequency
group and those that cause the shift to another frequency group,
we examined all the possible interchange pathways (Scheme 2)

Figure 3.Correlation of the CO frequencies with the two valence angles
(θ1 and θ2) of the isomers (1, 2, 4−12). θ1 and θ2 are the two greatest
valence angles in Ru (I and III). θ1 = C−Ru−S2 and θ2 = P1−Ru−S1 in
I, θ1 = C−Ru−S2 and θ2 = P2−Ru−S1 in III, and θ1 = C−Ru−S2 and
θ2 = P1−Ru−S1 in II in Figure 2.

Figure 4. Comparisons of key geometric parameters (bond distances
are given in Å, and angles are given in degrees), hydrogen bond
distances, and CO frequencies between isomers 3 and 11.
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for transition states connecting the species until all the
corresponding 24 stereoisomers and 48 transition states were
found. The full stereoisomerization mechanism with the free-
energy data is given in Scheme S3 in the SI. To simplify, only
isomers 1−12 (LU isomers) are shown in Scheme 6, where the
critical points on the potential energy surfaces (PESs) for each
isomer and interchange pathway are arranged in groups
according to their CO frequencies. There is a similar trend for
the LD isomers and the barriers between LU and LD isomers are
low and independent of the other pathways (see Scheme S3).
As shown in Scheme 6, beginning with the violet isomer, 1

(ILU

PPPM) (νCO = 1957 cm−1), three pathways are available. The
first pathway involves twisting one of the Ru−S bonds in 1
yielding 13(IILU

PMPP) (Scheme 5). However, this twisting was
found to be coupled to stereomutation of the equatorial PPh3
ligand, inverting the conformation from PM to PP coincident
with interconversion the Ru stereochemistry from I to II. This
ultimately yields the slightly less stable (0.1 kcal/mol) isomer
2(IILU

PPPP) (νCO = 1940 cm
−1) by traversing a 4.6 kcal/mol barrier.

However, twisting the other Ru−S bond in 1 produces a TBP-
like transition structure (TS1−4, τ5 = 0.7) with the barrier of 3.7
kcal/mol, forming the slightly more stable (−0.1 kcal/mol)

isomer 4 III( )L
P P
U
M
a

P (νCO = 1956 cm
−1). A third pathway involving

conformational interchange of the apical PPh3 in 1 from PP to
PMwas also observed and found to have a low barrier of 3.0 kcal/

mol. This conformational interchange produces the slightly

more stable (−0.5 kcal/mol) isomer 3 I( )L
P P
U
M
a

M (νCO = 1942
cm−1).

As observed in the description above for 1, 4 III( )L
P P
U
M
a

P was also
found to have a coupled stereomutation of the equatorial PPh3
from PP to PM, which simultaneously interconverts the Ru
stereochemistry from III to II as well. This coupled mutation
was found to have a 4.5 kcal/mol barrier and produce the slightly
less stable (by 0.4 kcal/mol) isomer 8(IILU

PMPM) (νCO = 1939

cm−1). While a simple twist of the dithiolate ligand in 4 III( )L
P P
U
M
a

P

would also be expected to yield 13(IILU

PMPP), this mechanism
however is not observed and instead follows the coupled

pathway. In addition, however, 4 III( )L
P P
U
M
a

P could generate the

less stable (by 2.3 kcal/mol) isomer 9 III( )L
P P
U
M
b

P (νCO = 1955
cm−1) by rotation of the apical PPh3 wherein only the position of
apical phosphine changes while the conformation (PM) is
retained. This was found to have a 4.3 kcal/mol barrier. A

rotation is observed for the interconversion of 3 I( )L
P P
U
M
a

M (νCO =

1942 cm−1) and 7 I( )L
P P
U
M
b

M (νCO = 1971 cm−1).

The most stable isomer, 5(IILU

PPPM) (νCO = 1943 cm−1, the LU

form of the orange COapical crystal), was easily generated from
2(IILU

PPPP) (νCO = 1940 cm−1) by permutation of the equatorial

Scheme 6. Relative Free Energies (ΔG) of the Isomers 1−12 (Small Circles) and the Free-Energy Barriers (ΔG⧧) for All the
Possible Interchange Pathways among the Isomers Grouped (LargeOvals), According to Their COFrequencies near 1980, 1960,
and 1940 cm−1 at the BP86-GD3BJ(SMD)/BS3//BP86/BS2 Levela

aThe vermilion lines indicate interchange of the Ru stereochemistry (I, II, III) by twisting either of the Ru−S bonds. The bluish green and magenta
lines indicate permutations of the conformation of two respective P1Ph3 and P2Ph3(see Figure 2 for the definitions of P1Ph3 and P2Ph3) between
PM and PP via Ph twisting. The lines in two colors indicate coupling of Ph twisting with the proximal Ru−S bond twisting. The orange lines indicate
a change in the PPh3 position by rotation about the Ru−P bond without stereomutation. All the energies and barriers are relative to that of isomer
1.
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PPh3 from conformation PP to PM, as reflected by the small of
3.6 kcal/mol barrier. Alternatively, while isomer 5(IILU

PPPM) could

be expected to form 14(ILU

PMPP) (Scheme 5) by a dithiolate twist,
it instead follows a coupled pathway to form the less stable (by

1.4 kcal/mol) isomer3 I( )L
P P
U
M
a

M (νCO = 1942 cm
−1). The coupled

pathway is similar to those described above where the equatorial
PPh3 conformation from 3 to 5 is inverted from PM to PP
coincident with a dithiolate twist. Lastly, 5 was also found to be
formed from 10(IIILU

PPPM) (νCO = 1974 cm−1) by a 3.5 kcal/mol
barrier through an uncoupled dithiolate twist.
While an alternative twist of the dithiolate ligand in

10(IIILU

PPPM) can form 14(ILU

PMPP) (Scheme 5), the calculations
predict that the twist is coupled to stereomutation of the apical
PPh3 inverting its stereochemistry from PP to PM. This mutation
was found to produce the less stable (by 1.9 kcal/mol) isomer

7 I( )L
P P
U
M
b

M (νCO = 1971 cm
−1) by traversing a 3.0 kcal/mol barrier.

Isomer 10(IIILU

PPPM) was additionally found to yield the less stable

(by 1.4 kcal/mol) isomer 6(IIILU

PPPP) (νCO = 1971 cm−1) by
interchange of the equatorial PPh3 conformation from PM to PP
with a 3.1 kcal/mol barrier. Furthermore, interconversion

between 6(IIILU

PPPP) and 9 III( )L
P P
U
M
b

P was also found to have an
∼3 kcal/mol barrier and occurs by conformation change of the
apical PPh3 between PM and PP.
Although twisting of the Ru−S bond is sometimes coupled to

permutation of phosphine configuration, there were several
cases where it is uncoupled. One such example involves the
interconversion among isomers 2(IILU

PPPP) (νCO = 1940 cm−1),

6(IIILU

PPPP) (νCO = 1971 cm
−1), and 11(ILU

PPPP) (νCO = 1954 cm
−1),

where a simple dithiolate twist about the Ru−S bond was found
to have barriers of only 2−4 kcal/mol. Similarly, isomers

7 I( )L
P P
U
M
b

M (νCO = 1971 cm−1), 8(IILU

PMPM) (νCO = 1939 cm−1), and

12(IIILU

PMPM) (νCO = 1954 cm−1) can also undergo a similar
transformation with similar barriers.
Generally, all the interchange pathways require such small

barriers (<8 kcal/mol), that exchange among the stereoisomers
with the νCO near 1960, 1940, and 1980 cm−1 are expected to
occur rapidly at room temperature. These findings are in
excellent agreement with experimental observations.44

Surprisingly, the three CO frequencies arise from only two
stereochemistries at Ru, since all the species in Scheme 6 have
either an apical CO or an equatorial CO. The equatorial CO

structures can vary their CO frequencies by as much as 40 cm−1

through simple distortions of the phosphine ligands. This
phenomenon involves changes of the apical PPh3 conformation,
as shown in Figure 5. Specifically, when the ruthenium
stereochemistry remains the same, changing the apical PPh3
conformation from PM to PP affects their CO frequencies by 20
cm−1 (bluish green lines in Figure 5), but changing both
generates their enantiomers. Thus, isomers with IPM(IIIPP) have
νCO near 1980 cm−1 while the isomers with IPP(IIIPM) have νCO
near 1960 cm−1. Similarly, when the apical PPh3 conformation
remains the same, changing the ruthenium stereochemistry
affects their CO frequencies by 20 wavenumbers (vermilion
lines in Figure 5). Even more striking is the change from isomer

7 I( )L
P P
U
M
b

M (νCO ≈ 1980 cm−1) to 3 I( )L
P P
U
M
a

M (νCO ≈ 1940 cm−1),
which affects their CO frequencies by ∼40 cm−1 through simple
PPh3 rotation without permutation (orange line in Figure 5).
The apical PPh3 conformation combined with the Ru

stereochemistry controls the (C−Ru−S) angle, which has the
major influence on the CO frequencies (Figure 3). As shown in
Figure 6, as the C−Ru−S angle decreases in type I species from 7
to 1 and 11, and finally to type II species like 5, 8, and 2, the
antibonding interactions between the occupied Ru 4d orbitals
and S 3p lone pairs increase, which strengthens the Ru-CO π-
backdonation, and thus decreases the CO frequencies, dropping
from 1980, to 1960, and to 1940 cm−1. This connection between
the CO frequencies and interaction of occupied Ru 4d orbitals
and S 3p lone pairs is also responsible for the fact that isomers
with IIIPP (6, 10) have νCO near 1980 cm−1 while the isomers
with IIIPM (4, 9, 12) have νCO near 1960 cm−1. In addition, the
stronger H−OC interaction in isomer 3 causes an additional
decrease in its CO frequency by strengthening this CO’s
backbonding as compared to isomer 11 that has a similar
geometry (i.e., C−Ru−S angle) but a weaker H−OC interaction
and a higher CO frequency (Figure 4).
Figure 7 shows a composite energy “surface” for the

Ru(S2C2(CF3)2)(CO)(PPh3)2 isomerization on the basis of
the most stable isomers in each CO frequency pattern and the
most favorable pathways between each of the most stable
isomers. By comparing the thermodynamic stability for each νCO
frequency pattern, the equilibrium is predicted to be dominated
by only a few isoenergetic diastereomers and their optical
isomers at each CO frequency: 1960 cm−1 (1, 1′, 4, 4′), 1940
cm−1 (5, 5′), 1980 cm−1 (10, 10′). Two of these isomers, 1 and
5′, correspond to the isolable and previously reported crystal
structures.44a Upon cooling, the experimental spectra showed

Figure 5.Correlation of the CO frequencies with the ruthenium stereochemistry (I and III), the apical PPh3 conformation (PM and PP), and the apical
PPh3 position (Pa and Pb) of the equatorial CO structures.
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that the 1940 cm−1 band sharpens and gains intensity while the
shoulders near 1960 and 1980 cm−1 significantly lose
intensity.44a In agreement with the experimental results, the
calculations predict that the species at 1940 cm−1 (5, 5′) are
most stable, while those at 1960 cm−1 (1, 1′, 4, 4′) are less stable
by ΔH(cal) = 2.4, 2.1 kcal/mol (ΔH(exp) = 1.3 kcal/mol) and
those at 1980 cm−1 (10, 10′) are less stable by ΔH(cal) = 2.2
kcal/mol (ΔH(exp) = 2.18 kcal/mol).
DFT calculations agree with the experimental proposal44a that

the kinetically favored isomerization between 1-a (1960 cm−1

(1, 1′, 4, 4′)) to 2-c (1940 cm−1 (5, 5′)) was indirect by passing
through 0-b (1980 cm−1 (10, 10′)) as an intermediate with
barriers of ΔH(1‑a)(0‑b)

⧧(cal) vs ΔH(1‑a)(0‑b)
⧧(exp) = 2.1, 2.4

kcal/mol vs 1.62 kcal/mol and ΔH(0‑b)(2‑c)
⧧ (cal) vs

ΔH(0‑b)(2‑c)
⧧(exp) = 1.5, 1.6 vs 1.82 kcal/mol. However, the

calculations show that this path is more complicated as the route
from (1, 1′, 4, 4′) to (10, 10′) is not direct and must pass
through isomers (3, 3′) and (7, 7′) and the route from (10, 10′)
to (5, 5′) may proceed directly or through isomers (2, 2′) and
(6, 6′) at the same rate. Thus, these other intermediates may
have transient existence. In particular, isomers (2, 2′) and (3, 3′)
with νCO ≈ 1940 cm−1, similar to the final product (5, 5′), are
almost isoenergetic with isomers (1, 1′, 4, 4′), while isomers (6,
6′) and (7, 7′) with νCO ≈ 1980 cm−1, similar to (10, 10′), are
less stable than this intermediate by ∼2 kcal/mol. Furthermore,
the direct isomerization from (1, 1′, 4, 4′) to (5, 5′), whichmust
also pass through isomer (2, 2′), is predicted to be 0.8 kcal/mol
lower in enthalpy and only 1.0 kcal/mol higher in free energy.
Overall, the enthalpy barriers (ΔH⧧) shown in Figure 7 (1.3−

Figure 6. Interactions between occupied Ru 4d and S 3p lone pairs that
affect the Ru-CO π-backbonding, and how these change as a function of
the valence angle (C−Ru−S) for the isomerization from I to II (there is
a related change for III to II).

Figure 7.Overall energy profile of the Ru(S2C2(CF3)2)(CO)(PPh3)2 isomerization based on themost stable LU isomers in each CO frequency pattern
(νCO≈ 1960 cm−1 (1 and 4), 1940 cm−1 (5), and 1980 cm−1 (10)) at the BP86-GD3BJ(SMD)/BS3//BP86/BS2 level. The vertical energy scale refers
to 1 as zero point. The overall barriers in each path refer to their starting isomer, and the details are given in Figure S3 in the SI.
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2.1 kcal/mol) are in good agreement with the experimental ones
(1.6−2.0 kcal/mol). These thermodynamic and kinetic trends
hold true for the other tested DFT functionals like B3LYP and
TPSS (see Figures S4 and S5 in the SI).
Interestingly, upon close inspection of the experimental 2D IR

spectra, the diagonal peak intensity for 0-b (1980 cm−1) can be
found to recover more slowly, compared to the diagonal peak for
1-a (1960 cm−1) and 2-c (1940 cm−1).44a In accord with
experiment, this observation is supported by the calculated
barriers as interchange from 10/10′ to 1 (4)/1′ (4′) and 5/5′
has lower barriers, with respect to other interconversion.

4. CONCLUSION
In summary, this work describes the first detailed computational
study of the ultrafast isomerization for the penta-coordinated d6

ruthenium complex, Ru(S2C2(CF3)2)(CO)(P(Ph)3)2. The
complex was found to have four chiral centers: one about the
ruthenium atom, two about the metal-coordinated phosphine
ligands, and one about the dithiolate ligand. DFT calculations
were found to predict an astonishing 24 low-energy stereo-
isomers that are connected by 48 transition states, which were all
found by careful examination of all possible interchange
pathways (see Scheme 2).
These low-energy isomers were found to have geometries that

range from almost square pyramidal to distorted trigonal
bipyramidal (τ5 = 0.0−0.6) and could be divided into three
centered about the experimentally observed νCO frequencies
near 1960 cm−1 (1, 4, 9, 11, 12), 1940 cm−1 (2, 3, 5, 8), and
1980 cm−1 (6, 7, 10) and their corresponding LD isomers. There
is a clear connection between the CO frequency and the
geometric parameters (θ1 = C−Ru−S and θ2 = P−Ru−S) for all
the isomers (except 3, whose νCO was affected by a C−H···OC
hydrogen bond). Strikingly, the equatorial CO structures can
vary their CO frequencies by 40 wavenumbers through simple
distortions of the phosphine ligands.
While it was not possible to determine the complexity of the

isomerization mechanism from the experimental work,44 since
the mechanism involves several low barrier stereomutations:
Ru−S bond twisting, CF3 rotation, phenyl twisting, PPh3
rotation, and coupled counterparts invoking two mutations at
once. Note that the apical and basal ligand interchange occurs
via twisting either of the Ru−S bonds from a basal site of the SP
to the vacant octahedral position (see Scheme 2a), similar to
that observed for the octahedral switch mechanism.11a This
mechanism has been postulated in an early study,9 in which the
equatorial-axial exchange mechanism was considered to be
equivalent to the reverse Berry pseudorotation, and therefore is
difficult to distinguish in experiment.9

These isomers were shown to interconvert readily at room
temperature, as indicated by both experiment and the computed
barriers (<8 kcal/mol). By comparing the thermodynamic
stability for each νCO frequency pattern, the equilibrium was
found to be dominated by only a few isoenergetic isomers at
each CO frequency: 1960 cm−1 (1, 1′, 4, 4′), 1940 cm−1 (5, 5′),
1980 cm−1 (10, 10′). Two of these isomers, 1 and 5′, were found
to correspond to the isolable and previously reported crystal
structures.44a In addition to the most rapid conversions (from
1−12 to 1′−12′), the calculations predict that the interconver-
sion between the two most stable forms at 1960 cm−1 (1, 4) and
1940 cm−1 (5) are possible via both direct and indirect
pathways, while the indirect pathway via isomer 10 is slightly
favored. These barriers are in accord with the experimental work
and the 2D IR analysis.44a

This work provides detailed insight into the mechanism for
the ultrafast isomerization in the penta-coordinated, distorted
SP, d6-transition-metal complex, which may lead to ways to
control and test these transformations.
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