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The iridium pmcer complexes (PCP)IrH, (1; PCP =

[k-1,3-(CH,PBu,),CeHs]) and (POCOP)IrH, (2; POCOP =

[K%1,3- -(OP'Bu,),CgH3]) have proven to be effective catalyst precursors for dehydrogenatlon of alkanes. The complex
(POCOP)IrH, has also been applied successfully as a catalyst for release of H, from ammonia borane. Investigation of
the “tetrahydride” forms of these complexes by solution NMR methods suggests their formulation as dihydrogen/
dihydride species. This is in contrast to the solid state structure of 1, determined by neutron diffraction (at 100 K)), which
indicates a compressed tetrahydride structure with only weak H— H interactions. Complex 1 (Co4H47IrPy) crystallizes in
the space group P4,, tetragonal, (Z=2) with a=11.7006 (19) A c=9. 7008(27) A, and V=1328.1(5) A®. Electronic
structure calculations on 1 and 2 indicate that the global minima on the potential energy surfaces in the gas phase are
tetrahydride structures; however, the dihydrogen/dihydride forms are only slightly higher in energy (1—3 kcal/mol).
A dihydrogen/dihydride species is calculated to be the global minimum for 2 when in solution. The barriers to

interconversion between the tetrahydride and dihydrogen/dihydride species are almost negligible.

Introduction

The class of compounds known as “pincer complexes” has
become an extensively studied subfield of organometallic
chemistry because of their wide range of catalytic activity.'
Iridium complexes with tridentate pincer ligands featuring
the “PCP” bonding motif have been employed as catalysts for
both hydrogen transfer and acceptorless alkane dehydro-
genation.” Both (PCP)IrH, (PCP = gK3-1,3-(CH2P’Bu2)2-
CgH3)), and (POCOP)IrH, (POCOP = [i>-1,3-(OP'Bu,),CsH3))
bind one molecule of H, reversibly to form their respective
“tetrahydride” complexes: (PCP)IrH, (1) and (POCOP)IrH, (2),
(Scheme 1). Recently, we have shown that the complex (POCOP)-
IrH, is a highly effective catalyst for dehydrogenation of
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ammonia borane (AB).? When this reaction is carried out at
ambient temperatures, the major Ir-containing species in
solution is complex 2. Dehydrogenation reactions of this
type may prove useful in facilitating the development of
hydrogen as a clean energy currency by allowing for
chemical storage of H».*

Computational and experimental studies have been em-
ployed to elucidate the mechanism of transfer and acceptor-
less alkane dehydrogenation.” Strong support has been
provided for a mechanism involving a three-coordinate Ir'
intermediate that undergoes oxidative addition of alkane
C—H bonds. However, the Ir! intermediate is not accessible
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Scheme 1

under the conditions employed in AB dehydrogenation,
indicating that alkane and AB dehydrogenation reactions
occur by different mechanisms. Accordingly, a computa-
tional study by Paul and Musgrave suggests a novel con-
certed activation of both the B—H and the N—H bonds of
AB by (POCOP)IrH, to yield a tetrahydride.® In this case, the
tetrahydride species may be a part of the catalytic cycle,
whereas in the case of alkane dehydrogenation it plays the
role of a catalyst precursor.

Calculations involving transition metal polyhydrides are
often confounded by the fact that several plausible structures
are calculated to have similar energies. Interpretation of NMR
observations is often complicated by rapid H atom permuta-
tion. In our view, a full understanding of the molecular struc-
tures and properties of these complexes can only be obtained
through a combination of experiment and computation.

The present work is concerned with the structures of 1 and
2 in solution, in the solid state, and in the gas phase. Solution
state data have been obtained using NMR and IR spectro-
scopies. Solid state data for 1 has been obtained by neutron
diffraction. Structures for complexes 1 and 2 have been
calculated in the idealized gas phase and in simulated non-
polar and polar solvents.

Results

Characterization of (PCP)IrH4 by NMR Spectroscopy.
Addition of D5 gas to an NMR tube containing a degassed
solution of (PCP)IrH, allowed the isotopomers of 1 to be
observed by NMR spectroscopy. A statistical distribution
of isotopes in the hydridic positions was achieved in minutes
atroom temperature by gently shaking the sample tube. The
isotope effects on the "H chemical shifts in this complex are
small (less than 10 ppb per deuteron), making it impossible
to distinguish individual isotopomers. Adequate control
over the total % D bound to Ir was achieved by repeated
cycles of freezing the sample, evacuating the headspace, and
repressurizing with D, gas. Observation of a single iso-
topomer, 1-d3, was achieved by adjusting the total % D
bound to Ir to 98%.” Formation of (PCP)IrH, by loss of
H, from complex 1 requires more vigorous conditions than
the analogous reaction for 2.°>" This difference did not
affect the ability to control the level of deuteration.

Variable temperature NMR data was collected for 1
at 180—298 K (Table 1). The hydridic resonance was

(6) Paul, A.; Musgrave, C. B. | N EGENGTN 2007. 4. 8153-
8156.

(7) For 2.0% protonation of the hydridic sites, the populations of the
species [Ir]Hy, [Ir]H3D, [Ir]H,D,, [Ir]HD3, and [Ir]D4are 0.0, 0.0, 0.2, 7.5, and
92.2% respectively. The observed resonance results from 6 and 94% of
[IrJH,D, and [Ir]HD; respectively.
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Table 1. Variable Temperature "H{*'P} NMR Data for 1, 1-ds, 2, and 2-ds in
THF-dg

1 1-ds 2 2-d3*

temperature (K) 0 (ppm) Jobs (Hz) 0 (ppm) Jows (Hz)

318 3.56 £ 0.09

308 3.61 +£0.07

298 —-9.42 3.52+£0.09 —8.60

293 —8.60

287 3.60 £ 0.07

283 —8.61

273 —8.62 4.38 +0.12

270 4.39 +0.02

263 —8.63

260 4.33+0.07

250 4.40 £0.03

243 —8.66

240 4.39 +0.02

230 -9.52

223 —8.68

220 —9.54

210 —9.56

203 —8.71

200 —9.58

190 —9.58

183 —8.74

180 —9.60

“Only five of the expected seven lines were resolved in these spectra.

L S S B B B B e A S LN e B R B B B B B B

-9.40 -9.45 -9.50
Chemical Shift (ppm)

Figure 1. Partial (hydride region) lH{3 'P} NMR spectrum of 1-d5 (298
K, THF-dg, 500 MHz). This sample contains 2% residual H atoms in the
hydridic sites.

observed as a triplet in the '"H NMR spectra at all
temperatures down to 180 K, where the resonance was
too broad for coupling to be observed. More detailed
tables can be found in Supporting Information.

A minimum relaxation time (7';(min)) of the hydride
resonance of complex 1 has been reported previously.®
This parameter was redetermined; the 7'(min) for 1 was
observed at 220 K as 130 msec in toluene-dg (500 MHz)
and at 210 K as 130 msec in THF-dg (500 MHz). H—D
coupling was observed for 1-d5 in THF-dg at temperatures
ranging from 287—318 K, with J,,, = 3.55+ 0.13 Hz, as
summarized in Table 1. (Several individual H—D inter-
actions contribute to an average observed coupling.
Analysis of this coupling appears in the Discussion
section.) Above 318 K the hydridic resonance broadens
significantly, preventing observation of coupling. This
coupling was also observed in toluene-dg at 298 K with
Jobs = 3.52 & 0.10 Hz. A representative example of the
observed resonance for 1-d3 is shown in Figure 1.

(8) Gupta, M. Catalytic Dehydrogenation of Saturated Hydrocarbons and
Furan by a Novel Iridium P-C-P Pincer Complex. Ph.D. Thesis, University of
Hawaii, Manoa, HI, December 1997.
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Table 2. Observed Coupling of 2-d5 in Various Solvents at 273 K

solvent % H Jobs (Hz)
THF-dg 1.2 4.40 £+ 0.06
toluene-dg 1.8 4.30+0.11
CD,Cl, )¢ 4.66 + 0.04
MeCy-dy4 1.9 4.10 £0.24
C¢DsF 1.6 4.58 £0.15
Acetone-dg 0.8 4.47+0.18

“Decomposition of 2 in CD,Cl, led to formation of (POCOP)IrDCl
and other products. Overlapping signals in the aryl region of the 'H{*'P}
NMR spectrum prevented precise integration of the hydridic resonance.
The signal line shape indicated that an approximate residual H of 2% or
less was present in this sample.

Characterization of (POCOP)IrH4 by NMR Spectro-
scopy. All experiments (measurement of 7';(min) for the
hydridic resonance of 2 and observation of coupling in
2-d3) were carried out in a similar manner to those for 1. A
single hydridic resonance was observed at all tempera-
tures (183—298 K) corresponding to four hydrogen atoms
bound to iridium. The 7;(min) for 2 was observed at
220 K as 110 msec in toluene-ds (500 MHz) and at 210 K
as 110 msec in THF-dg (500 MHz). The variable tempera-
ture "H NMR data of the hydridic resonance is summar-
ized in Table 1. Above 283 K this resonance was a broad
singlet. From 283 K through 223 K, coupling to phos-
phorus atoms was resolved; however, below 223 K this
coupling was no longer observed. In the range for which
coupling to phosphorus was observed, the 'H{*'P} NMR
spectra were recorded (see Supporting Information)
resulting in a singlet hydridic resonance at all tempera-
tures. Coupling in the "H{*'P} NMR spectra of 2-d5 was
observed at various temperatures in THF-dg solution
(Table 1) and at 273 K in various solvents (Table 2).

Observation of cis and trans Scalar Coupling in (POCOP)-
IrH;~ Na™. The previously reported complex> (POCOP)-
IrH;~ Na® was observed to exhibit reasonable absolute
values for cis and trans H—H scalar couplings for applica-
tion to the tetrahydride complexes. The reported absolute
value of 2/ .y = 4.8 Hz was confirmed (THF-dg, 298 K),
which would correspond to 2/,;pp = 0.7 Hz. (The complex
(POCOP)IrH;~ Na™ is static on the NMR time scale,
allowing for direct observation of the relevant couplings.)
The trans coupling was obtained in a manner similar to
observation of HD coupling in complexes 1-d5 and 2-d3. The
observed sample contained 98% deuterium in the hydridic
positions. The 2] s Was too small to be directly ob-
served; however, fitting the line shape of the resulting
spectrum is consistent with 2] ansin ~ 0.7 Hz.?

Characterization of (PCP)IrH4 by IR Spectroscopy.
Complex 1 was investigated using IR spectroscopy in
both solution and the solid state. The thermal stability of
1 in the absence of H, gas allowed IR spectra of reason-
able quality to be obtained. The spectral region attri-
buted to Ir—H fundamental stretching modes is shown in
Figure 2; three peaks are clearly identifiable. The solid
and solution state spectra are nearly identical and are
composed of an intense broad feature at low frequency, a
medium intensity absorption band at higher frequency,
and weak absorption at even higher frequency. Using a
sample of 1-dy with complete deuteration of the hydridic

(9) Budzelaar, P. H. M. gNMR: NMR Simulation Program, version
5.0.6.0; IvorySoft: Denver, CO, 2006.
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Figure 2. Infrared spectra of 1 in cyclopentane solution (bottom) and as a
solid in a KBr pellet (top) showing the region containing peaks attributed to
Ir—H stretching modes. Peak labels are in units of wavenumbers (cm™ ).
Full spectra can be found in the Supporting Information.

Figure 3. ORTEP of complex 1 determined by neutron diffraction at
100 K. Hydrogen atoms other than those in the coordination sphere of the
Ir atom have been omitted for clarity. Ellipsoids are shown at 50%
probability.

positions led to disappearance of these signals and the
appearance of new absorptions at lower energy.

Solid State Structure of Complex 1. The structure of
complex 1 has been determined by neutron diffraction.
The data collection and refinement parameters are sum-
marized in the Supporting Information. Details of the
structure determination are given in the Experimental
Section. An Oak Ridge thermal ellipsoid plot (ORTEP)
diagram of the structure is shown in Figure 3. A sum-
mary of crystallographic data for 1 is presented in
Table 3. Selected bond distances and angles are shown
in Table 4.

Computational Investigations on 1 and 2. Several density
functional theory (DFT)' functionals were tested on
potential structures for 1 and 2 (Chart 1) and their energe-
tics. Hybrid functionals, which include some Hartree—
Fock (exact) exchange, appeared to perform better than
pure exchange-correlation functionals.!' In particular,
the robust B3LYP set of functionals,'> which have
shown good performance in computational studies of

(10) Parr, R. G.; Yang, W. Density-Functional Theory of Atoms and
Molecules; University Press: Oxford, 1989.

(11) Sousa, S. F.; Fernandes, P. A.; Ramos, M. J. s 2007,
111, 10439-10452.

(12) (a) Becke, A. D. giuliidinitding. 1993, 98, 5648-5652. (b) Lee, C.; Yang,
W.; Parr, R. G. il 1988, 37, 785-789.
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Table 3. Crystallographic Data for 1

parameter 1
formula CyyHys 1P,
fw (g mol ") 589.79
space group P4, (No. 77)
a(A) 11.7006(19)
c(A) 9.7008(27)
V(A% 1328.1(5)
VA 2
temp. (K) 100(1)
radiation neutrons
data collection technique time-of-flight Laue
Dcalc (g Cm73) 1.575
u(2) (em™") 1.757 + 1.785 4
R(F*)* 0.190
R (FY)? 0.137

“R(FY) = Y [Fy = FA[F RAF) = (ow(F = F S w(FD)

Table 4. Selected Bond Distances and Angles for 1

atoms distance (A)
Irl1—-HI1 1.697(8)
Ir1—-H2 1.546(11)
Ir1-P1 2.341(5)
Ir1—-Cl1 2.125(7)
HI1-H2 1.919(16)
H2—-H2 1.488(23)

atoms angle (deg)
Cl-Ir1—-H1 78.87(34)
HI-Irl1—H2 72.4(6)
H2—Ir1—H2 57.5(9)
Cl—Ir1-P1 81.81(18)

metal-polyhydrides by others,' appeared to yield results
on 1 and 2 compatible with several experimental observa-
tions; therefore, only these computational results will
be featured here. Some structural and energetic data
obtained with other functionals are available in the
Supporting Information.

Relative energies of structural minima for 1 and 2, the
transition states that interconnect them, and key H—H
distances (Chart 1) are shown in Table 5.'* Minima
corresponding to the bis-(dihydrogen) structures 1D or
2D could not be located on the potential energy surfaces.
Unconstrained geometry optimizations invariably pro-
duced the tetrahydride species 1A or 2A; constrained
optimizations with fixed H—H distances of 0.9 A lead
to transition state (TS) structures, which lay approxi-
mately 25 kcal/mol above the tetrahydride structures. The
geometries of 1 and 2 were reoptimized with solvent
(cyclohexane or THF) represented by a continuum di-
electric model. A summary of the structural and energetic
results obtained from these simulated solution phase
calculations is presented in Table 6.

The vibrational frequencies for 1 were evaluated in
the harmonic oscillator approximation for the structures
optimized in cyclohexane solvent. Unscaled calculated

(13) (a) Webster, C. E.; Singleton, D. A.; Szymanski, M. J.; Hall, M. B.;
Zhao, C.; Jia, G.; Lin, Z. | 2001, /23, 9822-9829.
(b) Gelabert, R.; Moreno, M.; Lluch, J. M.; Lledds, A.; Pons, V.; Heinekey,
D. M. inniniinmmmiiay 2004, /26, 8813-8822. (c) Gelabert, R.; Moreno, M.;
Lluch, J. M.; Lledds, A. . 1997, 119, 9840-9847.

(14) These values were also calculated for thermodynamic conditions of
T = 100 K and P = 1 atm, but did not display notable differences. This data
can be found in the Supporting Information.
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Chart 1. Potential Structures (A—D) and Key H—H Distances (r1, 2, 1'3)
for Polyhydrides 1 and 2

H
o ™ ™ X
S ) /H
Ir. ra Ir—H |r—| ra Ir
/\H | ZZ) | A
ra
IrH, cis-Ir(Hy)H, trans-Ir(Hy)H, Ir(Hz),
A B [ D

frequencies for the four Ir—H stretching modes along
with the predicted (absolute and relative) IR inten-
sities are tabulated in the Supporting Information. A
graphical representation of selected species is shown in
Figure 4.

An attempt to assess the importance of anharmonicity
was made by optimizing the isomers of 1 with phosphino
‘Bu groups replaced by hydrogens (("PCP)IrHy, 1-H-A,
B,C) in model cyclohexane solvent, followed by evalua-
tion of vibrational frequencies in the harmonic and
anharmonic approximations (Table 7). An approximate
set of anharmonic Ir—H frequencies can then be constructed
for 1, if we assume that the anharmonicity corrections for
frequencies of 1-H and 1 are the same (Table 7).

Discussion

Historically, hydrogen addition to a metal complex was
assumed to result in oxidative addition to form the corre-
sponding dihydride complex. The seminal work of Kubas, '
however, revealed that the hydrogen molecule could bind to a
metal atom in a side-on fashion, keeping the H—H bond
largely intact.'® After this discovery, a metal bound to two
or more hydrogen atoms was cast as either a “classical”
dihydride complex or a “non-classical” dihydrogen complex.
Reinvestigation of polyhydride complexes, which had pre-
viously been assigned unusually high oxidation states, led in
some cases to reformulation with at least one dihydrogen
ligand. As the body of data concerning “non-classical”
hydrogen complexes grew, it became obvious that many of
these complexes did not fit neatly into either of the categories
available, leading to the creation of new descriptors such as
“clongated dihydrogen” and “compressed dihydride”. By
now it is clear that the degree of H, bond activation can exist
along a broad continuum from a nearly fully intact H—H
bond to a classical dihydride in which oxidative addition of
the H, bond has gone to completion (Chart 2).!”

Characterization of compounds in which only two hydro-
gen atoms are in question has become relatively straight-
forward; compounds containing three or more hydrogen
atoms remain more challenging. These complexes are often
highly dynamic, and the observed NMR signal represents a
population weighted average of all of the hydridic positions
present in the molecule.

NMR Studies. The "H{*'P} NMR spectra of 1 and 2
exhibit a single hydridic resonance at all observation
temperatures (180—318 K for 1, 183—298 K for 2)

(15) Kubas, G. J.; Ryan, R. R.; Swanson, B. I.; Vergamini, P. J.;
Wasserman, H. J. . 1984, 106, 451-452.

(16) Kubas, G. J. Metal Dihydrogen and o-Bond Complexes; Kluwer
Academic/Plenum Publishers: New York, 2001.

(17) Kubas, G. jouimbsitiaitay. 2007, /07, 4152-4205.


http://pubs.acs.org/action/showImage?doi=10.1021/ic902163w&iName=master.img-004.png&w=180&h=83

Article

Inorganic Chemistry, Vol. 49, No. 4, 2010 1737

Table 5. Calculated Energetics (kcal/mol) and H—H Distances (Chart 1, A) for 1 and 2 in Idealized Gas-Phase

species AE AH AG AS 1 I "
(PCP)IrHy, 1A 0.00 0.00 0.00 0.00 1.866 1.691
trans-(PCP)Ir(H,)H,, 1C 0.62 0.89 1.41 —-1.76 2.141 0.932
cis-(PCP)Ir(H,)H», 1B 2.19 2.96 3.14 —0.59 2.170 2.101 0.890
TS1A < 1C 1.39 0.40 1.40 —3.37 2.030 1.177
TS 1A < 1B 3.31 2.39 2.72 —1.11 2.090 1.958 1.161
(POCOP)IrHy, 2A 0.00 0.00 0.00 0.00 1.842 1.710
trans-(POCOP)Ir(H,)H,, 2C 0.71 0.89 0.93 —0.12 2.117 0.919
cis-(POCOP)Ir(H,)H,, 2B 0.73 1.35 0.29 3.58 2.143 2.099 0.874
TS 2A < 2C 1.47 0.49 0.78 —1.00 2.007 1.187
TS 2A < 2B 2.57 1.81 1.49 1.07 2.046 1.942 1.209

“Thermodynamic conditions: 7 = 298 K, P = 1 atm.

Table 6. Calculated Free Energies (kcal/mol) and H—H Distances (Chart 1, A) for 1 and 2 in Simulated Cyclohexane and THF Solutions

cyclohexane THF
species AG r ray " AG r ray "3

(PCP)IrHy, 1A 0.00 1.860 1.719 0.00 1.857 1.741
trans-(PCP)Ir(H,)H,, 1C 1.55 2.148 0.917 1.67 2.144 0.919

cis-(PCP)Ir(H,)H,, 1B 2.47 2.179 2.125 0.879 1.76 2.186 2.146 0.873
(POCOP)IrH,, 2A 0.00 1.835 1.740 0.00 1.829 1.756
trans-(POCOP)Ir(H,)H,, 2C 0.95 2.120 0.910 0.80 2.122 0.903

cis-{(POCOP)Ir(H,)H,, 2B —0.48 2.150 2.116 0.866 —1.21 2.157 2.131 0.859

wavenumbers (cm™") methods described by Halpern and co-workers,'® this

2800 2600 2400 2200 2000 1800 data can be analyzed in terms of the possible structures

1A ' 'I for 1 and 2 depicted in Chart 1. This analysis was car-

ried out using heavy atom locations determined by

neutron diffraction analysis for 1 and an average Ir—H

distance. The positions of the H atoms relative to each

1 I other in a plane orthogonal to that defined by the pincer

ligand were varied according to the structure being con-

sidered.

An averaged relaxation rate for all individual H atom

I [ positions must be considered to calculate an expected T

1B value. Assuming a tetrahydride structure (A) leads to a

calculated T value of 110—130 msec, corresponding to

rgu = 1.55—1.60 A. Although short, these distances are

acceptable for a tetrahydride structure. Structure B may

(PCP)irH,? T1 be considered with the same initial Ir—P and Ir—H

assumptions made for structure A. A T, value of 110—

130 msec can be calculated for an assumed octahedral

geometry with rgg = 1.33—1.39 A in the dihydrogen

T ligand. This analysis assumes that the hydride and di-

(PCP)IrH, . I hydrogen ligands are at angles of 90° to one another

experimentally determined .. .
in cyclopentane around the Ir center. A similar analysis for structure C

Figure 4. Stick diagram comparing the location and intensities of
calculated and experimental Ir—H stretching bands. Sticks are displayed
using normalized intensities relative to the most intense band in each
representation. “ All Ir—H bond distances and C(PCP)—Ir—H bond
angles are fixed at the values derived from neutron scattering.

corresponding to four hydrogen atoms bound to iridium,
indicating that H atom permutation is rapid on the NMR
time scale. The pincer ligands employed in this study bind
in a meridional orientation, enforcing a perpendicular
meridional arrangement of hydrogen atoms about the
iridium centers. There are several plausible structures for
complexes 1 and 2 as illustrated in Chart 1.

The minimum relaxation times (7;(min)) for the hydri-
dic resonances were found to be 130 msec in complex 1
and 110 msec in complex 2 (210—220 K). Utilizing the

results in a calculated 7', of 127 msec or less for all values
of rgp. (A T of 127 msec is calculated for ryy values of
1.57—1.59 A.). In contrast, the bis-(dihydrogen) structure
(D) cannot give rise to the observed 7'j(min) data without
the assumption of unreasonably long H—H distances.
This analysis simply indicates that structures A, B, and C
are not distinguishable using relaxation data alone; how-
ever, the possibility of D may be excluded.

Calculating a T using core atom positions obtained
from neutron diffraction data of 1 results in a value of
173 msec. When H atoms in the ‘Bu groups of the ligands
are included, the expected value drops to 136 msec. It is
noteworthy that the remote H atoms on the ligand have a

(18) Desrosiers, P. J.; Cai, L.; Lin, Z.; Richards, R.; Halpern, J. L 4z,
kit 1991, 113, 4173-4184.
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Table 7. Calculated Ir—H Vibrational Frequencies for 1 and 1-H in Model Cyclohexane Solvent”
species n V3 Vs 2

(FPCP)IrH,, 1-H-A 2170, 2074 2161, 2075 2116, 2041 1900, 1823
trans—(HPCP)Ir(Hz)Hz, 1-H-C 2533, 2194 2074, 1970 1915, 1825 1754, 1670
cis-("PCP)Ir(H,)H,, 1—-H-B 2698, 2129 2244, 2150 2010, 1935 1778, 1668
(PCP)IrHy,, 1A° 2190, 2094 2158, 2072 2122, 2047 1947, 1870
trans-(PCP)Ir(H,)H,, 1c’ 2440, 2101 2126, 2022 1940, 1850 1797, 1713
cis-(PCP)Ir(H,)H,, 1B 2689, 2120 2292, 2198 1945, 1870 1834, 1724
experiment, 1° 2127 2076 1884

“For each mode, both the harmonic and anharmonic (in italics) frequencies are given. ” Anharmonic frequency obtained assuming that the
anharmonicity corrections for frequencies in 1-H and 1 are the same.  In cyclopentane.

Chart 2. Varying Degrees of H—H Bond Elongation in Transition
Metal Complexes

H
H e /H e
M—]| M M\ : M
H “H H \H
08-10A 10-1.3A 1.3-16A >16A
dihydrogen elongated compressed ! .
complex dihydrogen dihydride dihydride

significant effect on 7', emphasizing that the accuracy of
the predicted 7 values is dependent on knowledge of
these H atom positions.

The relaxation data is consistent with structures A, B,
and C. Likewise, the observed solution 7'j(min) for com-
plex 1 is consistent with the expected 7 calculated using
neutron diffraction data within reasonable error. These
results are similar to the case of hydridotris(pyrazolyl)-
borato iridium(V) tetrahydride,"**!'” in which experi-
mental 7 data and computational studies were unable
to distinguish the ground state structure as either a
tetrahydride or a dihydrogen/dihydride.?

Observation of H—D coupling (Jgp) allows an in-
dependent experimental method of structure elucidation
in polyhydride complexes and in principle allows for the
unambiguous detection of a dihydrogen ligand."*" In
complexes 1 and 2, insignificant chemical shift isotope
effects complicate direct observation of Jyp in moder-
ately deuterated complexes. (The subspectra of the iso-
topomers overlap significantly.) This problem can be
overcome by preparation of samples with a high degree
of deuteration, which allows for observation of [IrJHD3
almost exclusively. A representative hydride region of the
resulting "H{>'P} NMR spectrum for complex 1 is shown
in Figure 1.

In the case of trans-Ir(H,)H, (C) complexes, the ob-
served H—D coupling (J,,s) represents an average of
three different types of H—D interactions (illustrated in
Chart 3, top) and can be interpreted using the equation

"Yap + 4T + 2T up

A (1)

where (as described by Girolami and co-workers for
osmium dihydrogen/dihydride complexes®') 'Jyp is the

Jobs =

(19) Gutiérrez-Puebla, E.; Monge, A.; Paneque, M.; Poveda, M. L.;
Taboada, S.; Trujillo, M.; Carmona, E. iy 1999. /21, 346—
354.

(20) The inability of 7(min) alone to assign a definitive structure to
polyhydride molecules has been discussed previously, see: Luo, X.-L.;

Crabtree, R. H. inniumiimmmiiay. 1990, /72, 4813-4821.
(21) Gross, C. L.; Girolami, G. S. Staiigy 2007, 26, 1658-1664.

Chart 3. Individual H—D Couplings Which Contribute to J,ps

H D D D
| o | | |
Ir—| r— r— Ir—
| ° | © | H | °
D D D H
2% 2% 22/ 2%
1% 1 Yo 1 12
H D D T
Ir—D Ir—H Ir—D Ir—D
ID—D DLD D—H H—D
2% 2% 120 12
1 2hp 1%Jnp 120 hp 120y
1o 1 Yo
H D D D
D H D D
}‘r/ }r/ \I\r/ >r/
/\D /\D /\H /\D
D D D H
1%04p 1 %o 1 %0np 1 %hp
1 2t-oidJHD 1 zt‘ruidJHD 1 ZtroidJHD 1 Zt—oidJHD
12y, q 2boid g, q 2toid g 12,

coupling in the bound dihydrogen ligand, >/ represents
the two bond coupling between hydride ligands, and the
coupling between a hydride and an adjacent dihydrogen
moiety is designated as 2 J*up. In the case of cis-Ir(Hy)H,
(B), Jops 1s an average of four types of H—D interactions
(illustrated in Chart 3, middle) and can be interpreted
using the equation

1 2¢ x 2t 7% 2
J 27 27 J
Jop, = HD + HD —6&- up T/ HD )

where 'Jyp is the coupling in the bound dihydrogen
ligand, *°J* 4 represents the two bond cougling between
a cis hydride and the dihydrogen ligand, *'J*yp repre-
sents the two bond coupling between a trans hydride and
the dihydrogen ligand, and the coupling between two
adjacent hydride ligands is designated as 2Jyp. In the case
of IrHy (A) Jops 1s an average of three types of H—D
interactions (illustrated in Chart 3, bottom) and can be
interpreted using the equation

ZIJHD +22(?JHD 4 22[7()idJHD +2C.7()idJHD
Jobs = 6 (3)
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where ? JHD is the two bond coupling between two exo
hydrides, **Jyp represents the two bond coupling between
an exo hydride and an adjacent endo hydride, 2*°“Jyp
represents the two bond coupling between an exo hydrlde
and a nonadjacent endo hydride, and the coupling between
two endo hydrides is designated as > Jyp. (A hydride with
one adjacent hydride is defined as exo and a hydride with
two adjacent hydrides is defined as endo.)

Since the signals from all isoto;l)omerlc species in both 1
and 2 were coincident in the 'H{*'P} NMR spectra,
observation of individual couplings were not possible,
nor was it possible to assess the affinity for D over H to
occupy a particular hydridic site in any of the proposed
structures.”” On the basis of the minimal isotope effects
on the chemical shift, we assume that the deuteration
of the various hydridic positions in the complex is stati-
stical.>* All two-bond H—D couplings can be estimated as
+ 1 Hz.>* The validity of this assumption is supported by
observations of 2/ ;1 and 2J,unsup i0 Various isotopo-
mers of (POCOP)IrH;~ Na™. The absolute values of the
H—D couplings are <1 Hz, and it is likely that some of
these couplings are opposite in sign.”* Thus J,ps values of
3.6 and 4.4 Hz for 1 and 2, respectively, correspond to
values of Jyp = 22+ 5SHzfor1and Jyp = 26 &= 5 Hz for
2. Using the relationship developed by Heinekey and co-
workers (eq 4), these couplings correspond to a dihydro-
gen llgand of ruy = 1.06 £ 0.11 A for complex 1 and
ran = 0.97 £ 0.09 A for complex 2.**2° Utilizing the
assumptions outlined above, the observed H—D coup-
lings are inconsistent with an assignment of only well-
defined tetrahydride structures for either 1 or 2 in solu-
tion at or near ambient temperature. An expected J,ps of
0.5 Hz results when this method is used in conjunction
with atom positions obtained by neutron diffraction data
from complex 1.

I'HH = 0.74 — 0.494 x

16.1447 —/260.65 — 4(1 + 0.32895(Jy1p))
2

4)

Computational Studies. The potential energy surfaces
for 1 and 2 are remarkably flat with respect to motion of
H atoms around the Ir center in the meridional plane. The
geometry optimizations on 1 located three minima and two
TS’s connecting them. The tetrahydride 1A is lowest in
energy but the trans species 1C is computed to be less than 1
kcal/mol higher; the cis species 1B is approximately 2 kcal/
mol above 1A. The differences between the minima appear
to increase slightly on the enthalpy (H) and free energy (G)
surfaces. The potential energy barriers for interconversion
of minima 1A and 1C or 1B are 1.4 and 3.3 kcal/mol,

(22) This eliminates the usefulness of correction factors which would
account for preferential occupation of one isotope in a particular hydridic
site. For a discussion of these correction factors and demonstration of how
they would be applied to eqs 1—3, see: Oldham, W. J., Jr.; Hinkle, A. S.;

Heinekey, D. M. jinniuuniinmmiay 1997, /19, 11028-11036.
(23) We do not observe a temperature dependence on the position of the

hydridic signal in partially deuterated samples, indicating there is no
preference for D to occupy a particular site in the molecule.

(24) Griindemann, S.; Limbach, H.-H.; Buntkowsky, G.; Sabo-Etienne,
S.; Chaudret, B. 1999, 103, 4752-4754.

(25) This analysis does not attempt to differentiate between the cis or trans
isomers of Ir(Hy)H,.
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respectively. The statistical mechanical treatment of thermal
energy contributions seemingly flattens the energy surface
even further and finds the free energy of 1C (1.41 kcal/mol)
equal to that of the TS for its formation from 1A (1.40 kcal/
mol). Overall, the potential and free energies computed for 1
clearly indicate facile interconversion of isomers with tetra-
hydride 1A favored. The dihydrogen internuclear distances
in 1B and 1C are fairly short, 7, = 0.932 Aand r; = 0.890 A,
respectlvely, the correspondmg ‘short” internuclear dis-
tance (i) in 1A is computed at 1.691 A, about 0.2 A longer
than the distance in 1 determined by neutron diffraction.
When the geometry of 1 is optimized with cis H—H
distances fixed at the value of the neutron-diffraction
structure (r, = 1.49 A) the energy of the resulting structure
is only 0.82 kcal/mol above that of fully relaxed 1A (r, =
1.69 A) and 0.20 kcal/mol above 1C (r, = 0.93 A).

Energy differences for the potential structures for 2 are even
less than those just discussed for 1. The tetrahydride 2A is again
predicted to be the most stable structure. The two dihydrogen
structures (2B and 2C) are isoenergetic on the potential energy
surface but 2B may be favored in free energy. Again, the
enthalpy and free energy of the TS for the formation of the
cis dihydrogen species is computed slightly less than the energy
of the minimum (2C). However, all energy differences are of
the order of 1 kcal/mol (or less), seriously testing the overall
accuracy of the computational models employed.

Relative to the gas phase results (Table 5), the effects of
a solvent, polar or non-polar (Table 6), on the H—H
distances are con51stently small (<0.05 A) However, the
cis dihydrogen species 1B and 2B have small permanent
dipole moments (gas phase values are 0.85 D for 1B and
2.0 D for 2B) and are hence favored preferentially by a
solvent possessing even a modest dielectric constant such
as cyclohexane. The calculations indicate that for 1, the
order of isomer stability remains 1A < 1C < 1B in
cyclohexane, but 1B and 1C are found to be isoenergetic
in THF solvent and only about 1.7 kcal/mol higher in
energy than 1A. For 2, the larger dipole moment of 2B
and the inherently smaller energy separation among the
isomers combine to make 2B the preferred structure in
solution, 0.5—1.0 kcal/mol below tetrahydride 2A.

In the idealized gas phase, which in the absence of crystal
packing effects probably best approximates the neutron
structure acquisition conditions, the tetrahydrides 1A and
2A represent the favored structures at zero (potential en-
ergy; potential plus zero-point energies) or finite (enthalpy,
free energy) temperature.

Calculated and Experimental Ir—H Stretching Frequen-
cies. The first characterized H2 complex was detected based
on its unique IR spectrum.”® A complex containing a well-
defined H; ligand will display a broad, weak intensity IR
band corresponding to vy which is shifted to lower wave-
number in the D, isotopomer of the complex. Most im-
portantly, in the HD isotopomer, the observed band will
come in between the H, and D, bands, as opposed to a mix-
ture of the two bands as would be expected for a complex
containing two hydride ligands. An excellent examg)le of
this has been reported by Upmacis and co-workers.?’ This
analysis becomes ruefully complicated if the complex

(26) Kubas, G. i 1988, 2/, 120-128.
(27) Upmacis, R. K.; Poliakoff, M.; Turner, J. J. jininniiimiiag. 1986,
108, 3645-3651.
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potentially contains both hydride and dihydrogen ligands or
an elongated dihydrogen ligand.”® This is the case for
complexes 1 and 2 in the present work, where facile incor-
poration of D into C—H bonds on the ligand further hinder
definitive assignment of IR bands in the isotopomers.™
Nevertheless, DFT calculations of the IR spectra of the
several geometries of 1 which we have considered do
offer significant structural insight. In particular, in combi-
nation with the experimental data, the calculations can be
used to rule out the possibility that at or near ambient
temperatures, complex 1 could be well represented as a
simple dihydrogen complex with a short H—H distance (i.e.,
structures B or C).

The experimental IR spectrum of 1 (Figure 2) in the
Ir—H stretch region spans about 250 cm ™' and shows the
strongest absorption peak (in cyclopentane solution) at
1884 cm ™!, a medium strength absorption peaking at
2076 cm ™!, and a weak absorption peak at 2127 cm ™.
The spectrum of 1 in KBr appears similar in terms of the
number of distinct absorption bands (three), their fre-
quencies (1902, 2073, and 2127 cm ™', respectively), and
dominant relative intensities (strong, medium, and weak),
suggesting that the absorbing species have similar con-
formations in both phases.

The calculated Ir—H stretch region (in simulated cyclo-
hexane solvent and the harmonic oscillator approximation)
of 1 contains the expected four frequencies (Figure 4)
and spans a range of 250 cm ™' for 1A, but no less than
650 cm™ " and 850 cm ™! for 1C and 1B, respectively. The
predicted intensities for 1C do not match the experi-
mental observations, since a virtually nonexistent med-
ium energy peak flanked by strong absorption on both the
high and low energy sides is predicted. The intensity
pattern predicted for 1B is also inconsistent with experi-
mental observations, even if one assumes that it is the low
energy, weak absorption predicted at 1834 cm ™' that is
not observed in the experiments. The intensity pattern for
1A, however, is in agreement with experimental observa-
tions if one assumes that v (2158 cm™') is either not
observed as a separate feature or is contributing with
v4 (2190 cm™ 1) to the weak, high energy peak observed
experimentally at 2127 cm™'. The computed harmonic
frequencies for 1A are only 2—3% larger than the experi-
mental observations; in fact, a uniform red-shift of about
50 cm ™! brings the computed and experimental frequen-
cies in near coincidence. A normal mode calculation on a
nonequilibrium structure, in which the cis H—H distance
had been constrained to the neutron diffraction value of
1.488 A (all remaining parameters were relaxed), resulted
in only modest changes in the computed Ir—H frequen-
cies (see Supporting Information).

The high frequency mode (v,4) has substantial dihydro-
gen H—H stretch character in 1B and 1C, and its large
numerical value, which places it well outside the Ir—H
frequency region, could partly be a reflection of a sys-
tematic underestimation of dihydrogen H—H distances
by the B3LYP calculations as well as use of the harmonic
approximation. Indeed, the anharmonicity corrections
computed for v4 in 1B and 1C are substantial (Table 7:
339 cm™! for 1-H-C, 569 cm™ ! for 1-H-B). However,

(28) Kubas, G. J. Metal Dihydrogen and o-Bond Complexes; Kluwer
Academic/Plenum Publishers: New York, 2001; pp 248—258.
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even when approximate anharmonicity corrections have
been included, the calculated Ir—H stretch region
(Table 7) spans a range of 225 cm ™' for 1A, but 400—
475 cm™~! for 1C and 1B; the experimentally observed
frequencies span a range of 250 cm ™' (Figure 2). Also, the
individual frequencies for 1A, approximately corrected
for anharmonicity, do match the experimental spectrum
quite well.

Conclusions

Neutron diffraction data indicate a compressed dihydride
structure for 1 (ryg ~ 1.49 A), while the Jyp couplings
obtained from NMR spectroscopy studies suggest a dihydro-
gen/dihydride structure. While the diffraction study pertains
to the solid state and the NMR data were obtained in
solution, it does not seem likely that solid state packing
effects could strongly favor either of these structures. While
solvent effects might seem a more likely source of the
discrepancy, the fact that major variations in solvent had
little effect on the values of J,,s seems to argue strongly
against the importance of solvent effects. Moreover, the
solution and solid phase (KBr) IR spectra of 1 are essentially
identical. Calculations strongly indicate that for a solution of
1 in alkane solvent, the IR absorbing conformer is structu-
rally very similar to the tetrahydride, 1A.

Electronic structure calculations for complex 1 in the gas
phase and in solution (cyclohexane or THF simulated)
indicate that the global minimum in either case is a tetra-
hydride structure; this would further argue against crystal
packing effects being responsible for the structures afforded
by the diffraction studies. For 2, the calculations indicate a
tetrahydride structure as favored in the gas phase; in solution,
the calculations predict that the cis-H, dihydrogen/dihydride
conformer is favored. Calculations of vibrational Ir—H
frequencies and intensities are most consistent with a tetra-
hydride structure for 1. The coupling constant results thus
appear incongruous, but the high values of Jyp are un-
ambiguous and do not appear to be consistent with the sole
presence of simple tetrahydride structures.

The computational studies of 1 (and 2) assist in resolving
this apparent discrepancy between crystallographic and
spectroscopic data. The computed energy differences separ-
ating the various structural minima are probably too small to
be taken entirely at face value. The outstanding feature of the
calculated surfaces, however, is the presence of nearly iso-
energetic minima with both tetrahydride and dihydride/
dihydrogen character, as well as exceptionally low barriers
to structural interconversion. The extremely flat potential
energy surface computed allows several explanations that can
reconcile these apparently incompatible experimental results.
These explanations are not entirely independent but can be
reasonably categorized as follows.

(1) Perhaps the simplest argument to reconcile the
computational, diffraction, and NMR results is
based simply on Boltzmann populations. The
NMR data are necessarily obtained at tempera-
tures greater than 100 K as applied in the diffrac-
tion studies. The higher temperatures would
allow a significant population of the low-energy
dihydrogen/dihydride isomers, which might con-
tribute substantially to the high values of Jgs.
The independence of the NMR spectroscopy data
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on temperature, however, indicates that these
energies are nearly identical.

(2) Even in the absence of a significant population of
any state with well-defined dihydrogen-complex-
like character, Lluch and co-workers® have
shown that excited vibrational states, and in par-
ticular the v = 1 state, of a “dihydride” energy
minimum can have predominantly dihydrogen
character. (In that work, a Jyp value of 22.3 Hz
was calculated for the v = 1 state versus 6.0 Hz for
the vibrational ground state.) In view of the ex-
ceptional flatness of the energy surfaces calculated
for 1 and 2, a significant population of such states
seems quite plausible in the present case. Nuclear
motions couple the 1A and 1C conformations, and
the cis-hydrogens should be considered as moving
in an asymmetric double-well potential.

(3) Finally, as has also been emphasized by Lluch
and co-workers®® the displacement in the vibra-
tional ground state of a dihydride complex can
be quite substantial and have significant di-
hydrogen character. Simple application of ana-
lytic harmonic oscillator formulas indicate that
an H, oscillator of freguency 2,000 cm~ ! has a
rms displacement ((x*)!/%) of approximately 0.1 A,
indicating that a large number of different geo-
metries will be sampled by the cis-hydrogens
in 1, even at low temperatures. A high degree of
dihydrogen/dihydride (and tetrahydride) char-
acter in a macroscopic sample of compressed
dihydride (PCP)IrH4 molecules results.

Qualitatively, our spectroscopic, diffraction, and compu-
tational data suggest, when taken together, that complexes 1
and 2 are not optimally characterized in terms of individual
well-defined structures. Rather, extensive nuclear motions on
the exceptionally flat energy surfaces offer the simplest and
most appropriate descriptors for these molecules.

Experimental Section

General Considerations. All manipulations were carried out
under an atmosphere of argon in a glovebox (Vacuum Atmo-
spheres) or using Schlenk techniques. THF-ds was vacuum
transferred from sodium metal/benzophenone. Cyclopentane,
toluene-dg, and MeCy-d,4 were vacuum transferred from Na/K
alloy. CD,Cl, and CDsF were vacuum transferred from CaH,.
Acetone-d, was vacuum transferred from activated 4 A mole-
cular sieves.

Solution NMR spectra were collected at room temperature
unless otherwise specified using Bruker AV500 and DRX500
spectrometers. '"H NMR spectra were referenced to residual
solvent signals, and shifts are reported in parts per million (ppm)
downfield of tetramethylsilane. *'P{"H} NMR spectra were
referenced to an external H;PO4 (85%) sample set to 0 ppm.
Relaxation rate (7) experiments were conducted using a satura-
tion recovery pulse sequence (180—7—90). Temperature mea-
surements for variable temperature experiments were calibrated
using a sample of neat methanol. Infrared spectra were recorded
on a Bruker Optics Tensor27 FT-IR spectrometer at room
temperature. Complexes (POCOP)IrH;~ Na* (PCP)IrH, and
(POCOP)IrH4 were synthesized according to literature proce-
dures.*€

(29) Gelabert, R.; Moreno, M.; Lluch, J. M.; Lledds, A.; Heinekey, D. M.
IS 2005, /27, 5632-5640.
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Neutron Diffraction Study of Complex 1. Neutron diffraction
data were obtained at the Intense Pulsed Neutron Source
(IPNS) at Argonne National Laboratory using the time-of-
flight Laue single crystal diffractometer (SCD).** At the IPNS,
pulses of protons are accelerated into a heavy-element target
30 times a second to produce pulses of neutrons by the spallation
process. Because of the pulsed nature of the source, neutron
wavelengths are determined by time-of-flight based on the de
Broglie equation A = (h/m)-(t/l), where h is Planck’s constant,
m is the neutron mass, and ¢ is the time-of-flight for a flight
path /, so that the entire thermal spectrum of neutrons can be
used. With position-sensitive area detectors and a range of
neutron wavelengths, a solid volume of reciprocal space is
sampled with each stationary orientation of the sample and
the detectors. The SCD has two ®Li-glass scintillation position-
sensitive area detectors, each with active areas of 15 x 15 cm?
and a spatial resolution of <1.5 mm. One of the detectors is
centered at a scattering angle of 75° and a crystal-to-detector
distance of 23 cm, and the second detector is at 120° and 18 cm.
Details of the data collection and analysis procedures have been
published previously.?!

A crystal of complex 1 with approximate dimensions of 2 x
1 x 1 mm? was covered in a fluorocarbon grease in a glovebag,
wrapped in aluminum foil and glued to an aluminum pin which
was mounted on the cold stage of a closed-cycle helium refrige-
rator operating at 100 + 0.1 K. For each setting of the dif-
fractometer angles, data were stored in three-dimensional histo-
gram form with coordinates x, y, ¢ corresponding to horizontal
and vertical detector positions and the time-of-flight, respec-
tively. An auto-indexing algorithm®® was used to obtain an
initial orientation matrix from the peaks in one histogram.
For intensity data collection, 19 diffractometer settings were
used to obtain at least one unique quadrant of reciprocal space
plus some duplicate data.

Refinement. Bragg reflections were integrated about their
predicted location and were corrected for the Lorentz factor,
the incident spectrum, and the detector efficiency. A wave-
length-dependent spherical absorption correction was applied
using cross sections from Sears™ for the non-hydrogen atoms and
from Howard and co-workers® for the hydrogen atoms. Symmetry-
related reflections were not averaged since different extinction
factors are applicable to reflections measured at different wave-
lengths. The GSAS software package was used for structural
analysis.>> The atomic positions of the X-ray diffraction structure
were used as a starting point in the reﬁnemen;&see the Supporting
Information). The refinement was based on F* using 3586 reflec-
tions with a minimum d-spacing of 0.7 A. Weights were assigned as
w(Fy?) = 1/[(0(Fy?) + (0.005F,%)* where o°(F,?) is the variance
based on counting statistics. In the final refinement, all atoms,
except H(4), which lies upon a 2-fold axis, were refined with
anisotropic displacement parameters. Two twin domains were
refined, the merohedral twin component corresponding to the
transformation (k, i, —/) refined to 44% of the structure, and an
inversion twin component (—h, —k, —/) refined to 36%. The
refinement used 372 variables and converged to Ry(F) = 0.072
and R(F) = 0.124. Data collection and refinement parameters are
summarized in the Supporting Information.

(30) (a) Schultz, A. J.; Srinivasan, K.; Teller, R. G.; Williams, J. M.;
Lukehart, C. M. . 1984, 106, 999-1003. (b) Schultz, A. J.
. 1987, 23, 61-69.
(31) Schultz, A.J.; Van Derveer, D. G.; Parker, D. W.; Baldwin, J. E. 4¢fg
1990, 46, 276-279.

(32) Jacobson, R. A. . 1986, 19, 283-286.

(33) Sears, V. F. In Methods of Experimental Physics; Skold, K., Price,
D. L., Eds.; Academic Press: Orlando, FL, 1986; Vol. 23, Neutron Scattering,
Part A, pp 521—550.

(34) Howard,J. A. K.;Johnson, O.; Schultz, A.J.; Stringer, A. M. Lodgpl
(maaaag. 1987, 20, 120-122.

(35) Larson, A. C.; Von Dreele, R. B. General Structure Analysis System-
GSAS; Los Alamos National Laboratory: Los Alamos, NM, 2000.
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Computational Details. Most calculations used the SDD-
model 60-electron relativistic effective core potential (ECP)
and corresponding valence basis set (6s5p3d) for the Ir atom;®
all-electron, full double-¢ plus polarization function basis sets
on the second and third row elements C, O, and P
(Dunning—Huzinaga D95(d));*” a triple-& plus polarization
311G(p) basis set for the four hydridic H atoms;*® and a
double-§ quality 21G basis set for all hydrogen atoms in the
pincer ligands.” Most calculations were performed on the
actual species used in the experiments, that is, the ‘Bu groups
were kept on the phosphorus atoms in the PCP and POCOP
ligands. All stationary points located on the potential energy
surfaces were characterized by normal-mode analysis as minima
or transition states. The (unscaled) vibrational frequencies
formed the basis for the calculation of vibrational zero-point
energy (ZPE) corrections. Standard thermodynamic corrections
(based on the harmonic oscillator/rigid rotor approximations
and ideal gas behavior) were made to convert from potential
energies (AE, AE*; no AZPE) to (standard) enthalpies (AH®,
AH°*; AZPE included, T = 298 K) and Gibbs free energies
(AG°, AG*; T =298 K, P = 1 atm for all species).*

General solvent effects were incorporated with the CPCM
self-consistent reaction field model,*! using default parameters

(36) Andrae, D.; Haussermann, U.; Dolg, M.; Stoll, H.; Preuss, H. Zhgar,

i 1990, 77, 123-141.

(37) Dunning, T. H.; Hay, P. J. In Modern Theoretical Chemistry;
Schaefer, H. F., IlI, Ed.; Plenum: New York, 1976; pp 1—28.

(38) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. gttt
1980, 72, 650-654.

(39) Binkley, J. S.; Pople, J. A.; Hehre, W. J. jnninuiiismiian. 1980, /02,
939-947.

(40) McQuarrie, D. A. Statistical Thermodynamics; Harper & Row:
New York, 1973.
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provided in Gaussian 03 for cyclohexane and THF solvents.
Free energies for species in solution were estimated at P =
latm, T = 298 K by adding the thermal free energy corrections
from gas phase calculations to the total potential energies
obtained from the calculations including solvent effects. All
computational work was performed with the GAUSSIAN03*
software package.
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