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a b s t r a c t

Experimental and DFT study on the ring flipping phenomenon from the two fused puckered five
emembered rings in complex [PNP(Me)(CH3CN)Ir-ReO3][PF6] (2) and its derivative [PNP(Me)(CNtBu)Ir-
ReO3][PF6] (3) is reported here. Dynamic NMR studies from 31P{1H}NMR on ring flipping revealed that
complexes 2 and 3 possess DGz value of 11.2 ± 0.3 and 9.2 ± 0.3 kcal/mol at 298 K respectively. Density
Functional Theory (DFT) calculations concurred with the Potential Energy (PE) values of 12.36 and
8.09 kcal/mol respectively for the same phenomena. Also, DFT studies revealed that ring flipping and
structural isomerism between 2 and its isomer [PNP(H)Ir-m(CH2)-m(O)-Re(O)2][PF6] (1) possess distinct
transition states and can occur concurrently as observed experimentally.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Pincer metal complexes are widely used in catalytic applications
[1e7]. One of their characteristics is ring flipping emanating from
the two fused and puckered fiveemembered rings: one pointing up
and another down. This characteristic is explored by Variable-
temperature Dynamic NMR spectroscopy (DNMR) [8e11].
Restricting this motion with structurally rigid chiral pincer mole-
cules having no ring flipping character, was realized in asymmetric
catalysis [9,12e14]. Classic examples are the report from Nishiyama
and coworkers on effective use of this property for asymmetric
aldol-type condensation of isocyanides and aldehydes [15,16].
Crabtree and coworkers controlled this motion via outer sphere
anion participation in a Pd(II) CCC pincer carbene complex [17]. On
the other hand concurrent occurrence of this ring flipping with a
structural isomerism is an unusual phenomenon.

We recently reported the synthesis andmechanistic study of the
bimetallic complex [PNP(H)Ir-m(CH2)-m(O)-Re(O)2][PF6] (1) and the
observation of its structural isomer [PNP(Me)(CH3CN)Ir-ReO3][PF6]
bu-Omar).
Biochemistry, University of
(2) upon switching the solvent from methylene chloride to aceto-
nitrile (Scheme 1) [18]. From kinetic studies and Density Functional
Theory (DFT) calculations we proposed that the structural isom-
erism of 1 occurs via methyl bridged complex P, with the subse-
quent formation of S and then 2 [19]. Interestingly complex 2 and
its isocyanide derivative 3 showed ring flipping phenomena on the
NMR time scale (Scheme 2). While structures I and III represent the
two atropisomers, structure II is the transition state through which
the conversion of I to III takes place. In this report we investigated
this ring flipping by DNMR and DFT calculations with the outlook of
influencing the structural isomerism from 1 to 2 in the reverse
direction.
2. Experimental section

2.1. Computational detail

All the calculations have been carried out with Gaussian 09 [20]
code with WB97XD [21,22] functional and three different basis set
for better description of the different atoms in the molecule:
LanL2DZ [23] which include double- zwith the Los Alamos effective
core applied for Ir and Re, D95(d) [24] basis sets was applied for C, N
and O and 6-311G [25] basis set for hydrogen atoms. Structure 3 is
taken from single-crystal X-ray diffraction results and structure 2 is
taken by replacing the tert-butylisocyanide with CH3CN in 3 [18].
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Scheme 1. Structural isomerism observed between complex 1 and 2.

Fig. 1. Experimental (left) and simulated (right) 31P{1H}NMR spectra of 2 in the
temperature range of 210e268 K.

Fig. 2. Experimental (left) and simulated (right) 31P{1H} NMR spectra of 3 in the
temperature range of 203e268 K.
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Structure I and II have C1 and Cs symmetry respectively. Standard
ambient temperature and pressure (298 K at 1 atm)were used in all
the simulations that run on gas phase model. PF6 anion was not
included in the calculations.

2.2. Kinetic studies

All reactions were performed in a nitrogen-filled glove box or
using standard Schlenk techniques under argon. Solvents were
degassed, and purified with a solvent purification system (Pure
Process Technology, INC) prior to use. CD2Cl2 and CD3CNwere dried
over CaH2, distilled under argon and stored over molecular sieves.
All other chemicals were purchased from Aldrich and used as
received. One-dimensional NMR spectra were recorded on a Bruker
DRX-500 NMR spectrometer equipped with a 5 mm broadband
(BBO) probe. Bruker TopSpin software (version 1.3) was used for
data acquisition and MestReNova (version 8) was used for pro-
cessing of NMR spectra. All spectra obtained were referenced to
residual solvent peaks accordingly. Complexes 1 and 3 were syn-
thesized following reported literature method [18]. DNMR experi-
ments via 31P{1H} NMR were carried out with the temperature
range of 210e268 K and 203e268 K for complex 2 and 3 respec-
tively using a mixture of CD2Cl2 and CH3CN in 2:1 ratio. iNMR
software was used for simulation of NMR spectra as well as the
corresponding rates.

3. Results and discussion

3.1. Dynamic NMR (DNMR) behavior from ring flipping
phenomenon in complexes 2 and 3

Figs. 1 and 2 represent the experimental (left) and simulated
(right) 31P{1H} NMR spectra of 2 and 3 in the temperature range of
210e268 K and 203 Ke268 K representing their DNMR behavior. At
lower temperature the 31P{1H} showed AB pattern, and as the
temperature is raised these signals begin to broaden and approach
coalescence at 258 K. In 1H{31P} NMR of complex 3 the two AB
patterns of protons in the methylidene linker at 203 K approach
coalescence at 217 K and become a mono AB pattern (Fig. S2 in
Scheme 2. Ring flipping phenomena
Supporting Information). However in 1H{31P} NMR of complex 2,
this was difficult to observe as the methylidene signals of 1 and 2
appeared in the same region (Fig. S1 in Supporting Information).
For DNMR studies 31P{1H} NMR was selected for the ease of
simulation and line-shape analysis software iNMR was used for
observed in complex 2 and 3.



Fig. 3. Eyring plot for ring flipping observed in complex 2 and 3.

Fig. 4. DFT calculated structures of I and II for complex 2. C in grey, N in blue, P in yellow, Ir in light blue, Re in green. H atoms are omitted for clarity. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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simulation of NMR spectra. The k values obtained from the simu-
lation were used to extract the free energies of activation (DGz)
using the Eyring relationship (Equation (1)) where T is the absolute
temperature and k is the first-order rate constant in s�1

ln
�
kj=T

�
¼ �DHz�RTþ ln ðkB=hÞ þ DSz

�
R (1)

Eyring plots for 2 and 3 are presented in Fig. 3. Both complexes 2
and 3 possess similar DGz value of 11.2 ± 0.3 and 9.2 ± 0.3 kcal/mol
at 298 K respectively, and these values are consistent with the
literature for ring flipping phenomena for analogous pincer com-
plexes [10,17].
Fig. 5. PE diagram for the ring flipping in complex 2 and 3.
3.2. DFT study

Mazzanti and co-workers reported in a review on ring flipping
that the total energies of different states obtained fromDFTgive the
best fits with experimentally acquired DNMR spectroscopic data,
hence we followed their strategy.9 DFT calculations were carried
out at WB97XD/LanL2DZ, D95(d) and 6e311 G level by comparing
the structures I with II (Scheme 2) of complexes 2 and 3. Structure
IIIwas an atropisomer of structure I andwas considered to have the
same energy as I. Structure I was a global minimum structure and
structure II was obtained as transition state (Fig. 4 represent 2 and
supporting information for 3). For complex 2 the energy difference
between I to II is equal to 12.33 kcal/mol while it is 8.09 kcal/mol
for complex 3 (Fig. 5). Both are in good agreement with experi-
mental DGz values (11.2 ± 0.3 and 9.2 ± 0.3 kcal/mol, respectively).

Next we looked into the possibility of the observed ring flipping,
influencing the structural isomerization between 1 and 2. In our
earlier report [19] removal of acetonitrile from 2 resulted the in-
termediate S (first step in the reverse direction of 1 to 2 in Scheme
1) and the PE barrier for this step is 12.3 kcal/mol. This inferences
that the decrease in degree of coordination of acetonitrile to the
iridium metal center in 2 favors the formation of S.

If the ring flipping has any influence on structural isomerism, it
has to be in the form of N(CH3CN)eIr bond distance elongation.
Therefore, we compared the bond distance of N(CH3CN)eIr in I and
II. Interestingly structure II has longer (0.026 Å) nitrogen to iridium
bond distance than I indicating that the acetonitrile coordination in
complex 2 becomes weaker during ring flipping. Also, the PE bar-
rier of 12.3 kcal/mol for the transformation 2 to S is comparable to
that for ring flipping (12.36 kcal/mol). Hence we investigated the
feasibility of II being the same transition state for both ring flipping
as well as conversion of 2 to S. However a scan with the increase of
the IreN^CeCH3 bond distance in transition state structure II first
resulted in I before transforming to S, requiring another transition
state (TS*) as has been described in our earlier report (Fig. 6) [19].
This finding implies that ring flipping and the transformation of 2 to
S follow different pathways with distinct transition states and
thereby are independent.



Fig. 6. PE diagram representing the two independent pathways for ring flipping (black
line) and the conversion of 2 to S (blue line: the first step in the reverse direction of
structural isomerism of 1 to 2). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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4. Conclusion

We established the ring flipping phenomena from the two fused
puckered fiveemembered rings in the Re-Ir complexes 2 and 3 by
DNMR experiments and supported by DFT calculations. In both
complexes 2 and 3, the experimental PE values of 11.2 ± 0.3 and
9.2 ± 0.3 kcal/mol concurs with DFT values of 12.33 and 8.09 kcal/
mol, respectively. Furthermore, DFT studies revealed that the
transition state involved in ring flipping is different than the one
observed in conversion of 2 to S. Hence ring flipping and structural
isomerism observed in complex 2 are independent and can occur
concurrently as has been observed experimentally.

Supporting materials

VT 1H{31P} NMR of complex 2 and 3, DFT figures for complex 3
and xyz coordinates of structures of I and II of complex 2 and 3 are
supplied as Supporting Information and this material is available
free of charge via the Internet at http://www.sciencedirect.com.
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