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Structure of Solvated Fe(CO}: Complex Formation during Solvation in Alcohols

Joshua Lessing, Xiaodi Li, Taewoo Lee} and Christoph G. Rose-Petruck*
Department of Chemistry, Box H, Brown Warsity, Pravidence, Rhode Island 02912
Receied: July 11, 2007; In Final Form: Neember 21, 2007

The equilibrium structure of iron pentacarbonyl, Fe(g@blvated in various alcohols has been investigated

by Fourier transform infrared (FTIR) measurements and density functional theory calculations. This system
was studied because it is prototypical of a larger class of monometallic systems, which are electronically
saturated but not sterically crowded. Upon solvation, the Fe{@O)ot just surrounded by a solvation shell.
Instead, solutesolvent complexes are formed with the oxygen of the alcohol oriented toward an axial ligand
of the Fe(COJ giving a formation energy on the order o6 kJ/mol. This complexation is not a chemical
reaction but rather a “preassembly” of the solute molecules with a single solvent molecule. For instance, at
room temperature the interaction between Fe@@@y ethanol results in 87% of all Fe(G@)olecules being
complexated with a single ethanol molecule. This complexation was found in all the alcohol systems studied
in this paper. The stability of these complexes was found to depend on the alcohol chain length and branching.
The observed complexation mechanism is accompanied by an electron density shift from the complexed
alcohol molecule toward Fe(C®yhere it induces a dipole moment. The finding that Fe@ams a complex

with the hydroxyl group of a single solvent molecule might have significant implications for ligand substitution
reactions. This implies that ligand substitution reactions do not have to proceed via a dissociative mechanism.
Instead, the reaction might proceed through a concerted mechanism with the leaving CO simultaneously

being replaced by the incoming alcohol that was complexed to Fe(@@y to the photoexcitation.

1. Introduction exhibit Dz, as well asC,, conformations are know#?,2° but
few studies have investigaf&d*3%-32 the C,, andC,, conform-
ers. During a Berry pseudorotatiéhthe Cq, transition state
has been calculated to be between'36and 2.3 kcal/méP

Pentacoordinated transition metal carbonyls such as M{CO)
M = Fe, Ru, and Os, are common place in organometallic

syntheses, materials chemistry, and biological procés&ahe above theDg, ground state. Spiess et®lmeasurd a 1 kcal/

dynamics of ligand dissociation and substitution reactions in - . . .
these systems have been studied extensively in both the gasmOI energy I.oarrler.for.pseudorotatmrﬁ n solgtlon. Therefore, It
and liquid phases by static and time-resolved metfoifs. is clear that in equilibrium asubstaptlgl fract|on of |splated Fe-
Because of the long research history of these compounds, one(CO)5 molecules may be te.mporarlly i@,, configuration.

could think that their structures in solution are well-known. _ Here we report on the existence of an Plvent complex
Nevertheless, even the equilibrium solvation structure of iron In linear and branched alcohols. The complexation energies in
pentacarbonyl (IPC), and presumably other complexes, is morethese systems are similar to t_hose for arenes, but in alcohols
complicated than generally assumed in the literature. Although the complexation does not induce a significant structural
theoretically the most stable geometry for Fe(€@nd other _deformgtlon of IPC. I_nstead, complexes are formed through the
@8 systems is trigonal bipyramidéf; 22 we have shown previ-  interaction of_IPC with tr_le electrons o_f the alcohol hydro_xyl
ously that in aromatic solvent IPC forms stable complexes with 9roup, which induces a dipole moment in IPC. Our calculations
one of the solvent molecules thereby distorting the IPC @nd measurements show that the Gibbs free energy for the IPC
symmetry t0C,,.2324 For instance, in pentafluorobenzene the solvent pompquaﬂon, for instance, in ethanol is abe&tkJ/
IPC—solvent complex has a Gibbs free energy of complexation mol. This |mp||es that the majority of solute molecules are
of —5 kJ/mol, which implies that about 90% of all IPC comple>_<ed with an alcohol molecu_le at room temperature.
molecules are complexated with a single solvent molecule. In Interestingly, the length and branching of the alcohol chains
the resulting complex the solvent molecule is located trans to have a significant influence on the complexation energy. Since
the apical ligand of Fe(C@Y~Cy,). These deformations are the magnitudes of the complexation energies are rather large
possible because pentacoordinated complexes are fluxional andi€arly all solute molecules are complexed. Although we have
sterically unhindered, enabling ligands to respond to a neighbor- ot carried out time-resolved measurements, we suggest the
ing solvent molecule by rapidly exchanging their positifis.  Possibility that Fe(CQ)ligand substitution reactions do not have

In fact, the energy of th®s, structure of IPC is only slightly 0 proceed through a dissociative process in alcohols because

lower than that for theC,, symmetry. Severalfsystems that ~ Prior to photoexcitation the incoming alcohol is properly
positioned relative to the metal center for ligand binding.
* Corresponding author. E-mail: Christoph_Rose-Petruck@brown.edu. Therefore, those IPC molecules that form an {R@ohol
Ph?ne: (401) 863-1533. Fax: (401) 863-2594. _ complex may undergo a concerted ligand substitution reaction
VA gg{ge;t address: Massachusetts Institute of Technology, Cambridge, hon photodissociation of a carbonyl ligand. Alternatively, IPC
* Current address: JILA, University of Colorado, Boulder, CO 80309- Molecules which are not complexated should proceed via a

0440. dissociative mechanism where the photodissociation of one CO
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ligand is followed by a diffusive encounter of the Fe(GO) b § s
photoproduct with a single alcohol molecule. Since the relative - -2 - Fa-C approach
population of IPC-solvent complexes typically is larger than |

that of uncomplexed IPC, the concerted reaction mechanism_, ;

should be dominant. In a noncomplexating solvent, such as§ L)

cyclohexane, we found that IPC retainshitg, symmetry. Thus,
after CO dissociation and vibrational cooling, the triplet ground
state of Fe(CQ)should be reached within picoseconds. This is
in agreement with time-resolved infrared spectroscopy experi-
ments carried out by Snee et®alThey showed that the UV
photolysis of IPC in dry heptane yieldéBe(CO) exclusively
after 26 ps which does not react further for a minimum of 660 4
ps. This finding in conjunction with earlier resi®proved that s e 2 g R "

3Fe(CO) has a low level of reactivity in alkanes. _ _ Fecandieopitnce ol
Figure 1. Normalized energy of the IPEMeOH complex, as a

After photolysis the diffusion-controlled reaction should  fynction of constrained distances between iron and the oxygen of
proceed on the picosecond time scale, while the concertedMeOH, as well as constrained distances between iron and the carbon
process should proceed on a time scale of ligand dissociation.atom of MeOH. The figure shows the calculated self-consistent field
Gas-phase dissociation studies found that the UV photolysis of (SCF) energy. This energy includes the nuclear repulsion, the total one-
IPC causes the loss of a single CO ligand within 150 fs via a electron terms (electremuclear'attractlon), and the total tV\_lo-eIectron
conical intersection on the potential energy surfdc@his terms (electronrelectron repulsion and exchange-correlation).
photodissociation yields vibrationally hétFe(CO)]* as the 110
primary product which may loose further ligands within several
picosecond$?~16 Photolysis of CO ligands from IPC has also 0
been studied using a 620 nm photoexcitation pulse followed
by an ultrafast electron diffractiéh probe. The results show
that the major product that forms up to 200 ps after photoex-
citation is'Fe(CQ), rather than the triplet ground state. They
also showed the refined structure6®(CO). The time scale
for the ligand substitution in the solution can also be estimated
from measurements by Joly and NelSowho used femtosecond
transient absorption spectroscopy in the UV spectral range to
study the photodissociation of M(C&M = Cr, Mo, or W) in i
a variety of linear alcohols. Their data show three distinct time 250 %0 O e 500 850 nolnteracton
regimes in the photodissociation process: a pulse-duration- ) o
limited rise, a rapid nonexponential decay, and a slower Figure 2. Normall_zed geometry optimization energy for the I-PC_:

S . : . alcohol complex with BSSE correction as a function of the constrained
gxponenpal rise. The authors asspuate thq first 500 fs with CO gistances between the IPC iron and the alcohol oxygen atom.
ligand dissociation, the 0-5% ps interval with solvent com-

plexation, and the 550 ps regime with vibrational relaxation Furthermore, Snee et #.concluded that the reactions are

of the M(CO}S species. They concluded that the solvent i sjon-controlled and depend linearly on viscosity. These
complexation dynamics are ess_entlally identical in all solven_ts. conclusions are certainly supported by the authors’ data.
However, the comple_xauon ofdn‘fer(_ent solvent_s causes varying 1y, vever, the results of our study, presented here, provide
amounts of change in the absorption coefficients. In general evidence that it is likely that besides the reaction paths

agreement with our DFT calculations, Joly and Netsassume documented in the paper of Snee et al., the substitution reaction

that the complexation through the hydroxyl group is thermo- . .
dynamically more stable than through the alkyl group. However can allso.proceed along the reaction path of a concerted ligand
this interaction with a solvent molecule occurs after dissociation substitution process. The latter process should not produce any

of the CO ligand from the parent compound. Hexacoordinated intermediate Fe(CQ)and glo_es not procee_d through a triplet
complexes are structurally rigid, and therefore, the ligand State- We base this prediction on our evidence that F&(CO)
substitution process has to proceed dissociatively. As the data0'Ms @ complex with the hydroxyl group of a single solvent
presented below will show, pentacoordinated complexes can m_olecule_befo_re the initiation of the ligand substitution process.
interact with one solvent molecule before photolysis, and we Since a diffusive encounter between the Fe(Cid a solvent
therefore expect that the ligand substitution process in alcoholsmolecule is not necessary to complete the chemical reaction,
proceeds at least as fast as several hundred femtoseconds. the ligand substitution along this reaction pathway does not have
Shee et a¥® reported investigations of the photosubstitution t© Pe diffusion-controlled and might proceed through a concerted
reactions of IPC in methanai-butyl alcohol,n-hexanol, and ~ Mechanism where the alcohol binding and CO ligand dissocia-
t-butyl alcohol using UV pump transient IR (TIR) absorption tion occur simultaneously. On the basis of the fact that in
probe spectroscopy with a temporal resolution of several €quilibrium at room temperature the majority of IPC molecules
picoseconds. They concluded that the photosubstitution of are complexed with one alcohol molecule, the proposed
Fe(CO} in t-butyl alcohol proceed via #e(CO) intermediate. concerted reaction path could yield a large fraction if not the
This triplet 3Fe(CO), reacts with the hydroxyl group of the majority of the reaction products. In fact, although not discussed
entering alcohol, rather than the alkyl group. This is in by Snee et af an instantaneous product signature seems to
agreement with the conclusions that we reached from our DFT exist at early times for all linear alcohols in Figure 2 of their
calculations. We have found that the-F@nydroxyl @approach is paper. Such an instantaneous product formation that bypasses
energetically more favorable than the F@mnewmy approach. any Fe(CO)formation is difficult to detect in a TIR experiment
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Figure 3. Charge of five CO ligands of IPC and the methyl, hydroxyl

group of EtOH at various FeO distances.
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Figure 5. Measured IR absorption spectra of IPC in various alcohols
in the spectral range of the strongest absorption peaks. The peak areas
i s are all normalized to the integral absorption coefficient of the ethanol
peak. Consequently, the absorbance scale has an uncertaintp 4.
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Figure 4. Molecular charges calculated by the NBO method for various 4
constraint Fe-O distances. From this graph, we see the electron 0% 2095 2100 2105 210 215 2120 2125 2130 2135 2140
transfers from EtOH to Fe(C@Q) Wavanumber o'}
Figure 6. Measured IR absorption spectra of IPC in various alcohols
. . in the spectral range of the-absorption peak. Baselines were subtracted
because of the sub-100-fs temporal resolution required andfrom each spectrum. The corresponding baselines were obtained from
therefore may have been over looked. smooth fits to the wings of the separately measured peaks at 2000 cm
In solution one usually finds that excess energy is quickly
dissipated into the bath modes of the solvent, and as a resul
multiple ligand loss typically does not occtir*®4!Nevertheless

{TABLE 1: Measured Integrated Absorption Coefficient in
the Spectral Range around 2000 cmt?

double substitution after low-intensity UV irradiation has been integrated absorption coefficient refractive
reported following the one-photon photolysis of IPC with solvent [km/mol] index
triethylphosphine in isooctane leading to the formation of Fe- methanol 1081.1 1.328
(COX(PPh) and Fe(COYPPh), in a ratio of 3:142 In a ethanol 1201.1 1.361
subsequent study, Nayak and Burkpund that, in the absence Eropanol 1232.1 1.385
- . . . oo utanol 1177.5 1.399
of dissolved C(_), photolysis of IPC Wlth trlethylphosph_me iN" pentanol 1167.6 1.410
cyclohexane yields Fe(Ce{PEg), with a quantum yield hexanol 051.8 1.418
significantly larger than that for Fe(C¢IPEg). They concluded isopropyl alcohol 939 1.377
that double substitution in a single-photon process is possible. tert-butyl alcohol 1115 1.385

However, this does not imply that the substitution process aThe listed data were corrected for the influences of the solvents’
proceeds via the simultaneous dissociation of two CO ligands. refractive indexes shown in the right column.

Instead, the authors proposed a sequential dissociation mech-

anism where first a single CO dissociation initially produces ethylphosphine. However, they proposed that after immediate
3[Fe(COY)] followed by the formation of[Fe(CO}(PE%)]. This formation of3[Fe(COY], a 3Fe(CO)(PEY)] intermediate was

is followed by a secondary substitution which yields the final ¢, meq via a concerted process in which a second CO ligand is
product, Fe(CQJPEg).. This explanation differs from the work 55 ciated. The[Fe(CO}(PES)] intermediate then reacts with

of Trushin et al* that suggested anng pathway for the :
substitution of a CO ligand of Fe(C@Jith a solvent molecule. another Pito form the final product, Fe(CQIPEE)>

In this paper the author disagrees with Nayak et al.’s proposed It is apparent that the chemical dynamics immediately after
addition—elimination mechanism because according to Trushin UV photoexcitation has a significant impact on the products of
et al. it would necessitate the existence of3Fe(CO)L this photoinitiated reaction. Since the dynamics will depend on
intermediate which would be too high in energy to be created. IPC’s structure before excitation and the compounds interaction
Snee et af? also reported the formation of Fe(C{PEg), as with the solvent, the equilibrium structures of solvated IPC were
well as Fe(CO)PE%) from UV-photolyzed IPC in neat tri- investigated, and the results are presented in this paper.
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TABLE 2: Theoretical Vibrational Frequencies and Absorption Intensities of IR-Active Bands of IPC for Different IPC —EtOH
Distances

IPC—solvent M4/(M1 + Mz + M3)

structure M,2 M,P Ms® Myd M; + M, + M3 (%)
Cuy frequency (cm?) 2102.94 2102.94 2110.88 2118.53 2185.7

int abs coeff 1320 1320 0 840 4 3480 0.11
250 pm frequency (cnt) 2079.45 2081.26 2095.79 2112.03 2172.05

int abs coeff 878.5 1302.24 703.01 576.91 43.18 3460.66 1.25
275 pm frequency (cnt) 2081.34 2091.42 2105.02 2122.94 2182.28

int abs coeff 1298.96 761.57 751.34 658.68 33.16 3470.55 0.96
300 pm frequency (cnt) 2085.5 2092.1 2110.96 2126.44 2185.83

int abs coeff 1228.67 936.12 579.14 734.26 27.31 3478.19 0.79
325 pm frequency (cnt) 2087.86 2091.24 2113.09 2126.86 2185.79

int abs coeff 1135.69 1065.23 518.88 752.77 21.26 3472.57 0.61
350 pm frequency (cnt) 2089.45 2092.57 2114.67 2126.96 2186.2

int abs coeff 1103.23 1100.05 528.13 745.32 16.67 3476.73 0.48
375 pm frequency (cnt) 2089.89 2094.48 2115.27 2125.91 2185.96

int abs coeff 1115.66 1080.24 597.66 690.88 11.36 3484.44 0.33
400 pm frequency (cnt) 2090.55 2095.3 2115.81 2125.69 2186.01

int abs coeff 1113.93 1082.3 628.5 660.14 10.41 3484.87 0.30
425 pm frequency (crt) 2091.45 2095.2 2116.75 2124.6 2186.07

int abs coeff 1113.87 1087.58 629.33 658.36 6.79 3489.14 0.19
Dan frequency (cm?) 2097.47 2124.49 2125.84 2193.1

int abs coeff 1119 1118 0 1321 0 3558 0.00

aMode corresponds t@;o(Dan) and v4(Cz, and Cy,). ® Mode corresponds tox(Dszn) and v3(Cy, and Cy,). © Mode corresponds tes(Dz,) and
v5(Ca, and Cy,). ¢ Mode corresponds te;(Dan, Cz,, andCy,). ¢ Integrated absorption coefficient [km/mol].

2. Computational Details and Results induced dipole moment in IPC. This shift was primarily caused
by the overlap of the free electron pairs of the alcohol’'s hydroxyl
group with one of the IPC’s ligands and, at small approach
distances, the iron center. Despite the close approach of the lone
pair electrons of the alcohol’s hydroxyl group and the induction
of a dipole moment in the complex, the IPC possesses only
f‘ninimal structural deformation. The interaction between IPC
and an alcohol molecule through the hydroxyl group is
thermodynamically more stable than through the alkyl group.
Corresponding computational results of the tR@ethanol

d complex energies at various intermolecular distances are shown
in alcohol solvent were measured, and the spectra werein Figurfe 1. Although the_se calculations were npt correcteq for
qualitatively analyzed yielding the change of the H&cohol the basis se_t superpos_ltlo_n error (BSSE), the dlffe_rences in the
complex populations for various alcohols. The combination of energy profile clegrly indicate that the complexanon_ through
the theoretical and experimental IR absorption spectra addition- e hydroxyl group is preferred. All subsequent calculations were
ally permitted estimates for the IP@Icohol intramolecular carried out fOt‘. this configuration with BSSE correction using
distances at equilibrium. the counterpoise methdd.*’

(3) Temperature-dependent FTIR spectra were quantitatively Figure 2 shows the energy profile for various alcohols. In
analyzed without any computational input yielding complex this figure one notices that a slight minimum of approximately
populations and the Gibbs free energies of complexation. —3 kJ/mol appears at a distance of 400 pm. Within the estimated

2.1. Computational Methods.DFT calculations of the IP€ accuracy of the DFT calculations we consider the minima in
solvent complex were carried out for methanol, ethanol, all the alcohol systems studied to be identical. Since this is not
propanol, and hexanol using Jagéfehll DFT calculations were @ Gibbs free energy profile, it only approximately represents
performed using the B3LYP model and a LACVP** basis set. the IPC-alcohol complexation in solution. In previous publica-
Our goal was to calculate the equilibrium structures, vibrational tions’®“8we calculated the complexation profile as the difference
frequencies, IR absorption intensities, and thermodynamic between the Gibbs free energy profile calculated with the IPC
properties of IPC, the alcohol molecules, and the-+aohol in the complex constrained to@g, symmetry and the Gibbs
complexes at various distances between the iron atom of thefree energy profile with the IPC being permitted to deform as
IPC and the oxygen atom of the alcohols. The total energy of the solvent molecule, cyclohexane, deuterated benzene, benzene,
the IPC-solvent complex was minimized under a fixed iron to  fluorobenzene, or pentafluorobenzene, approaches. The rational
alcohol oxygen distance, which was decreased in successiveor this procedure was that during the complexation the distance
geometry optimizations from 425 to 250 pm. These calculations between IPC and the solute molecule should not vary signifi-
yielded the complex’s energy profile and its equiliorium cantly as this would imply a change of solution density. Instead
geometry along this reaction coordinate. At an #&0lvent conformational changes are likely occurring at rather constant
distance of 425 pm the solutsolvent interaction was found intermolecular distance. This should also apply here, but
to be very small, resulting in little deviation from thBasp significant deformations do not occur at the rather large
symmetry. As the distance between iron and the alcohol’s minimum energy distance. The minimum’s position shown in
oxygen decreased, the electron density distribution of Fe{CO) Figure 2 should be a reasonable estimate. It is interesting to
changed from nearly perfe@s, to Cy,, which resulted in an note that in these gas-phase calculations an energy minimum

The equilibrium populations and structures of HP&cohol
complexes were calculated and measured based on thre
methods:

(1) The equilibrium structures and theoretical infrared absorp-
tion spectra of the IP€alcohol complexes were calculated by
DFT methods at various distances between IPC and one alcoho
molecule. Simultaneously, the calculations provided estimates
for the solvent-induced polarization of Fe(G@)d the lowest-
energy intermolecular distance in the Fe(€@)cohol complex.

(2) Fourier transform infrared (FTIR) spectra of IPC solvate
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Ethanol —o—Linsar Alcohols active. As a consequence, the intensity of such an infrared-active
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il i vibrational mode is a measure of the concentration of+PC
alcohol complexes in solution. A similar method has been
applied previously to IPC solvated in arerféd? However, in

0.16% -

0.15%

0.14%
E- o n-Butanol those solvents, the infrared appearance of formerly IR-inactive
b e HonDSn~so% modes was not induced by electronic density shifts but by
é‘ BR Yt deformation of IPC from its equilibriur_ﬂgh symmetr_y to &y,
I & s symmetry. In the present §tudy IPC is found to display only a
S ooem R small structural deformation when solvated in the alcohol

o00% prsca I solvents, and therefore the appearance of new IR-active modes

oom% e P i is due primarily to electronic effects.

0.06% tortButanol 2.3. Vibrational Frequencies and IR Absorption Intensi-

0.05% - : ties. The CO stretching modes of Fe(GQyith D3, symmetry

7 : ’H_m’ _OH‘ 2 E are well-knowrP1~58 In solution, intense absorption peaks exist

between 1967 and 2034 ct These IR peaks are generally

4 ‘ .red-shifted relative to the gas-phase peaks and, depending on
solvents. The peak areas are normalized to the corresponding areas Irt]h | t broad d. Fob f f1PC. th
the 2000 cm? range. The absolute complex populations derived from € solvent, are broadened. FoDg, conformer o » (nése

temperature-dependent spectral data are shown as percentages for ea@faks correspond to the IR-ac_tive CO stretching moggE’)
solvent system. andve(A,").5765 The E-mode is doubly degenerate and has a

larger intensity than the A-mode. If theDz, symmetry is

for complexation is observed by taking the difference between broken, the degeneracy is lifted and three (overlapping) peaks
the D3, constrained and unconstrained trajectories. In the absenceare observable consisting of four IR-active bands, one 1of B
of this normalization the IP€alcohol solvent trajectories show one of B, and two of A symmetries. Owing to their spectral
a strictly dissociative energy profile (data not shown). From overlap these peaks do not provide much information about the
this observation we can conclude that this complex could not molecular and electronic symmetry of IPC. Thenormal mode
exist in the gas phase, and its observation in solution arises asat about 2115 cmt is Raman-active but not IR-active for IPC
a result of the congested environment found in condensed phasén D3, As discussed above, the solvation of IPC in alcohols
systems. Nevertheless, the complexation energies and equilibinduces a dipole moment in IPC which, in turn, causes IR
rium distances we report in this publication are primarily based absorption of thev;-normal mode. The solvent-dependent
on experimental IR absorption data, and therefore we are changes of the absorption peaks are shown in Figures 5 and 6.
convinced that this complex does exist in solution. In general, pentacoordinated metal complexes of the formB/A

2.2. Induction of a Dipole Moment in IPC. The inset in and C4, symmetry have three IR-active bands in the CO
Figure 3 shows that the alcohol molecules approach IPC with stretching region, one of which lies above 2100 é§7-62:66-69
the free electron pairs of the hydroxyl oxygen. This suggests For IPC in alcohol the;-peak area is a measure of the amount
that the proximity of the charge from the hydroxyl group to the of electron density deformation. Measuring the intensity of the
axial carbonyl ligands pushes electron density toward IPC. v;-mode of solvated IPC in equilibrium provides information
Figure 3 shows electron densities for each ligand as a functionabout the extent of the electron density deformation as well as
of distance. The calculations were carried out using the naturalthe relative population of complexed molecules. The intensity
bond orbital method (NBO®3°The positive charge of the axial-  of this absorption line is less than a percent relative to the bands
downward pointing ligand, i.e., of the ligand closest to the around 2000 cm. This might be the reason why the-line
alcohol, does increase. Simultaneously, the charge on the axial-has not been used much in the literature for symmetry
upward pointing ligand is reduced. This indicates that the evaluations despite the fact that it is very symmetry sensitive
negative charge of the free electrons “pushes” the charges inand not obscured by other lines.
IPC upward. This effect induces a dipole moment in IPC. Figure  In addition to the experimental IR data theoretical spectra
4 shows the overall electronic shift from the alcohol toward were calculated for comparison. In these calculations the normal
IPC. The dipole moment caused by the HP&lcohol interaction mode frequencies along with their integral IR absorption
renders normally Raman-active vibrational modes infrared coefficients were calculated for different IP@lcohol distances.

Figure 8. vi-Peak areas of Fe(C®)measured in various alcohol
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TABLE 3: Thermodynamic Parameters from Fits to the Temperature Dependence of the IR Absorption Spectra

relative populations

AS AH AG at 25°C
solvent c [J/K mol] [kd/mol] [kd/mol] K IPC complex
methanol 1.3t 0.3 —60+ 22 —19+8 -1.2+14 1.6+ 0.9 38%+ 14% 62%+ 14%
ethanol 1.02: 0.01 —91+7 —-32+2 —4.65+ 0.03 6.53+ 0.1 13.3%+ 0.1% 86.7%+ 0.1%
isopropyl alcohol 1.1 0.05 —80+8 —25+3 —-0.9+0.2 1.5+ 0.1 41%+ 2.4% 59%+ 2.4%
butanol 1.5£0.3 —42+8 —14+3 -09+1.0 1.4+ 0.6 41%+ 10% 59%+ 10%
hexanol 2+1.4 —105+ 31 —29+ 11 3+23 0.3+ 0.3 75%+ 17% 25%+ 17%

In order to obtain a reasonable approximation of the IPC the most negative Gibbs free energy of complexation of all the
geometry at various distances, we first energy-minimized the alcohols studied.

structure of each complex under the constraint of the desired 3.1. Analysis of Temperature-Dependent FTIR DataThe
distance between the IPC iron atom and the hydroxyl oxygen relative peak areas are compared to the-Halcohol populations
atom. For computational reasons, the positions of all IPC atoms obtained from measurements of the temperature dependence of
were subsequently frozen and the alcohol molecule was removedhe v;1-peak areas. The FTIR spectra at 23@200 cnr? for

from the complex. Finally, the single-point energy was recal- IPC in alcohols were measured at various temperatures in the
culated under these constraints. This procedure yielded an IPCrange from approximately-645 °C. A 500um thick cell was
geometry that was used to calculate the desired IR parametersfilled with solutions of approximately 100 mM concentration
The corresponding integrated absorption coefficients at various and mounted in a thermoelectrically controlled sample chamber
IPC—ethanol distances are listed in Table 2. As expected the mounted inside the FTIR spectrometer sample chamber. The
area of thevj-peak increases with decreasing H&cohol temperature distribution within this chamber was uniform and
distance and therefore can be used as a measure of the IPC stable a few minutes after selecting the desired temperature.
alcohol distance in solution. Figure 7 shows that the increase We estimated a1 °C uncertainty of the temperature measure-
of the integrated absorption coefficient of thepeak is not ments. During the measurements, the FTIR spectrometer sample
caused by structural deformations. Even at an intramolecularchamber was flushed with dry nitrogen. Each sequence of
distance of 325 pm, a distance smaller than what we believe totemperature-dependent measurements began by taking a room-
be the equilibrium distance, the axial and equatorial ligand temperature measurement and was concluded by remeasuring

angles correspond to a nearly perfBgt, symmetry, while the
absorption coefficient is similar to the measured values.

The sum of the peak areas of thgA,"") andv1o(E’) modes
is nearly independent of the IP&@lcohol distance. We therefore
used this sum for normalizing all measuredareas reported
below. This normalization additionally removed the influence
of the solvents’ indexes of refraction.

3. Experimental Details and Results

Infrared absorption spectra were measured with an FTIR
spectrometer, model Mattson Infinity Gold FTIR spectrometer.

The solvent-dependent changes of the absorption peaks in th

spectral range of 2000 crhare shown in Figure 5. The peaks
were normalized to the integrated absorption coefficient of

ethanol. The measured values before normalization are listed

in Table 1. All integrated absorption coefficients in Table 1 are
corrected for the effects of the refractive indexes of the
respective solvents following the discussion given by Polo and
Wilson.’® The normalized values agree with the un-normalized
data within +10%. We believe that the preparation of our

solution was accurate to a few percent and therefore conclude
that the listed values are accurate as well. This has the

&Gcomple{r) = _RTIn(

the spectrum at this initial temperature in order to confirm that
no chemical modifications had occurred. Measured spectra are
shown in Figure 9. The absolute populations can be determined
by measuring the normalized-peak areas at various temper-
atures because this peak area is proportional to the concentration
of IPC—alcohol complexes. The equilibrium constant for the
complexation reaction Fe(C&¥ alcohol< Fe(CO}---alcohol
is the ratio of the concentrations of complexed and uncomplexed
IPC. Thus, the Gibbs free energy for the HP&cohol com-
plexation can be written as
[complex
[IPC] ]) RTIn
[complex]

(C,PC - [complexl) @

with the initial IPC concentratio@pc. The relative concentra-
tion of the complex is then

1

AGcomple(T)
®TRT

[complex]
CIPC

)
1+

consequence that the peak heights do not monotonically increase

with alcohol chain length unless they are normalized to a

Since we assume that thre-peak area is proportional to the

constant peak area. We chose to display the normalized peaksoncentration of complexes, we define a proportionality constant
in Figure 5 because it permits the easiest comparison of theC through

peak shapes. The-vibration mode at 2100 cm, shown in

Figure 6, is about 200 times less intense. The measured peak

areas of thes;-mode divided by the un-normalized peak areas
in the 2000 cm? range are displayed in Figure 8 for various

alcohols. The peak areas and therefore the equilibrium concen-ye then get

trations of the IPG-alcohol complexes are not a linear function
of the alcohol length. It appears that the HP&hanol complex
has the largest population followed by a steady reduction of
the population with increasing alcohol length and branching.
This general trend suggests that the H+Rghanol complex has

[complex]  @r€d @)
Cipc areg +v
areg, _ 1 @
are'c},ﬁ—Hz10 N AGeomoie(T)
©TRT
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Figure 10. Measured positions of IR absorption peaks of IPC in various
alcohols along with the;-peak fwhm of IPC. The insets depict the  Figure 11. Theoretical IR absorption spectra of IPC in EtOH at various

normalizedv;-peak area measurements introduced above in  *
Figure 8, the absolute populations are inserted into the same Fa-Oyc distance (pm]
figure. Both data sets are in general agreement. HOWever, Werigyre 12. Fitted relative populations of the IP@olvent distances
consider the temperature-dependent data more reliable becausg various alcohols.
all other sample conditions remain unchanged during the
experiment and each population number is based on at least 10rhe complexation Gibbs free energy is negative for all solvent
measurements. systems except hexanol. As the temperature decreases, the
3.2. Blue-Shift of Peak CentersThe vibrational modes of  complex populations increase and, most likely, the average
IPC generally red-shift upon solvation through nonspecific IPC—alcohol distances decrease. On average the electron density
solute-solvent interactions, such as hydrogen bonding. Figure shifts toward IPC increases, and as a result, the measured spectra
6 shows that complexation causes a blue-shift with decreasingblue-shift. These results would be consistent with our findings
alcohol chain length. Furthermore, the shifts are temperaturein arenes, which exhibit similar blue-shift$The idea that the
dependent, see Figure 9. As the temperature increases, thelectron density shifts are primarily affecting thdack-bonding
solution’s density decreases and the average—i§tlvent orbitals is also supported by the positions of various normal
distance increases. Therefore, peak positions caused by nonmode vibrations shown in Figure 10. This figure shows the
specific solvation should blue-shift with increasing temperature spectral shifts of the/;-, ve-, v10-, andvig-peaks along with
and the mode frequencies should approach the gas-phase limitshe width of thev;-peak for all alcohols measured. The spectral
as is the case for low densities. In contrast, we observed blue-positions are all normalized to the values for FP@ethanol.
shifts upon temperature reduction, which we suggest are caused'he trends of the peaks shifts for higher alcohols are clearly
by thespecificsolvation, i.e., the IPC complex formation. We visible. Generally, the blue-shift for the;-peak for smaller
do not have a well-proven explanation for the blue-shift but alcohols is larger than for larger alcohols. The peak widths
we suggest that it is caused by the electron density shifts towardincreased for smaller alcohols. As shown in the next section,
IPC, as shown in Figure 4. As shown in Figure 3, this electron smaller alcohols seem to permit a smaller intramolecular
density is unevenly distributed among the five ligands. All distance. In equilibrium, complexes continuously form and
equatorial ligands gain electron density. The axial ligand,C§ dissociate, and as a consequence small alcohols sample a wider
gains electron density but simultaneously ££@.wn l0ses about range of intermolecular distances than larger alcohol molecules
twice as much electron density. We speculate that this causegesulting in a broader distribution of the spectral positions. Since
an overall reduction of the electron density in theback- the v1-mode is totally symmetric, both equatorial and axial
bonding orbitals at the axial carbonyl ligands. Since these ligands bond strengths influence the frequency. In contrast, the
molecular orbitals are bonding between iron and CO and ve-mode is a purely axial vibration and follows the trend of the
antibonding between C and O, a reduction of electron density v;-peak. Thev;o-modes are purely equatorial modes and follow
in -back-bonding orbitals causes a decrease of the-ligand the opposite trend of red-shifting for smaller alcohols. Thus, as
strength and a simultaneous increase of the carbonyl bondthe electronic interaction distance becomes smaller, for smaller
strengths which, in turn, blue-shifts the CO stretching vibration. alcohols, the electron density shift toward the IPC increases. In

vibrational modes. Fe—O distances and the experimental and theoretical fitted FTIR
spectra.
where AGcomplex IS @ function of temperature. Assuming, o
however, that\Hcomplexa@Nd ASomplexare temperature indepen-
dent within the temperature range used during our measure- **
ments, we write o
To% |
AGcomple)(T) = AHcompIex_ TAScomplex (5) ;E %
Thus, the functional description of the temperature depen- § 0
dence of the;-peak area contains three temperature-independents <« ! !
fit parametersc, AHcomplex and ASompiex The results of the E _ E_E
fitting procedure are listed in Table 3. As expected, the complex . i f
population for ethanol is larger than for all other alcohols. For E 3 1
comparison with the relative populations obtained from the ™ E l.? ' é
m s 358 385

413 nao interaction
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Figure 13. Schematic molecular orbital energy diagram for the IPC and alcohols at variousl&ghol distances. For illustration, some simplified
molecular orbitals of IPC are shown.

agreement with the concept @fback-bonding, ligands thaton  v;-modes. In all cases a nearly perfect fit was obtained.
average gain electron density, weaken theCbond strength, Subsequently, the peaks at 2000 énand thev;-peak were
and the axial ligands that on average lose electron densitycombined to create the reconstructed experimental spectrum
strengthen their €0 bonds. shown as circles. This process yielded a simplified representation
3.3. Intermolecular Equilibrium Distances between IPC of the raw spectrum that contained only peaks that were included
and Its Complexated Alcohol. The complex population values in the theoretical description. Furthermore, the intensity of the
do not provide any information on the intramolecular distances v;-peak was increased by a factor 100 in order to give it a
between IPC and its complexated solvent molecule. The graphssufficient statistical weight during the fitting process. The
in Figure 2 suggest that the equilibrium-+F®nydroxy distances theoretical spectra in Figure 11 were obtained through convolu-
should be in the vicinity of 400 pm. Without structural tion of the calculated mode frequencies with a Lorentzian peak
measurements, accurate values cannot be obtained. Howeveishape with 10 cmt full width at half-maximum (fwhm). The
the equilibrium distances can be estimated from experimental calculated spectral positions are typically 100 érigher than
data by fitting the measured FTIR spectra with a superposition the experimental values. During the fitting process the positions
of theoretical IR spectra calculated at various—BERBydroxyi of the peaks, corresponding to different vibrational modes, were
distances, such as those that were used to compile Table 2allowed to shift by different offsets relative to the theoretical
Figure 11 shows the fit of the ethanol spectrum. Prior to fitting values. However, these offsets were identical at all intramo-
with the theoretical spectra, the measured spectrum was firstlecular distances. The fits resulted in nearly identical shifts for
fitted with background curves and curves for the-, ve-, and all alcohols which lends credence to our fitting procedure.
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Figure 14. Theoretical molecular orbital energy profiles for various tlcohol complexes. Orbitals primarily derived from alcohol orbitals are
plotted as dashed lines, and orbitals primarily derived from IPC orbitals are plotted a solid lines. For instance, the lines3Hd®OMGC-4
correspond to HOMO and HOMOL of the isolated alcohols, respectively. Additionally, three DFT-calculated molecular orbitals for the IPC
ethanol complex at 300 pm intramolecular distance are inserted. It can be seen that these orbitals are primarily composed of the HOMO, HOMO
1, and HOMG-2 of the ethanol molecule, respectively.

Specifically, the offsets were approximateil 00 cnt? for v1g somewhat closer than the larger alcohols. However, we consider
andve, —80 cn1 for v,, and—70 cnt ! for ;. Figure 12 shows  these distributions to be an estimate and not an accurate
the resulting probability distributions for the intramolecular determination. It is interesting to note that these distances are
distances. The most likely distance is approximately 350 pm. larger than the intramolecular distances of approximately 260
It seems that methanol and ethanol tend to approach IPCpm for solvation of IPC in arenes obtained by similar fit
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procedured? As a consequence, the complexation with arenes IPC. As a result the largest complex binding energy is found
caused a substantial IPC deformation, whereas the complexatiorfor IPC—ethanol.

with alcohols primarily causes a deformation of the electron

density. 4. Conclusion

3.4. Electronic Structure. The solvation properties presented Our findings show that when IPC is solvated in alcohols the
above can be qualitatively understood through an examination|PC forms weak complexes with a single solvent molecule
of the changes of the complexes’ molecular orbitals with where no bond is formed between the members of the complex.
changing intramolecular distance. Figure 13 shows a molecularThe complex results from an interaction of the hydroxyl group
orbital energy correlation diagram for the deformation of IPC of an alcohol which shifts electron density from the alcohol to
from Dan to C4, symmetry. For illustration, simplified IPC  |PC. This deformation of the IPC requires energy which is
orbitals are depicted next to the corresponding orbitals. Super-provided by mixing the orbitals of the IPC and alcohol where
imposed are the HOMO and HOM&L levels of methanol,  the sum of these orbitals determines the overall energy balance
ethanol, and hexanol. The IPC section of this diagram has beenfor the complex formation. From our gas-phase DFT calculations
presented before by other authdt§ he diagram connects the it was shown that steric factors do not play a significant role in
extreme cases of isolated and strongly deformed IPC, for the interaction. Nevertheless the complexation energy is strongly
instance, at the transition state of a Berry pseudorotation or dependent on the alcohol chain length and branching. For
during a very close IPE€solvent encounter. As discussed above, example, with a Gibbs free energy of complexation-ef.65
a dipole moment is induced in IPC, but the molecule deforms kJ/mol and a 87% population of the complex at room temper-
rather little during the complexation. This implies that IPC ature, ethanol forms the strongest complex of all alcohols studied
orbitals indicated on the righDgy,) side of Figure 13 primarily in this paper. In contrast, the interaction between IPC and
contribute to the molecular orbitals of the complex. It should hexanol is repulsive with a Gibbs free energy of complexation
be noted that even a slight deformation fré to C,, increases of +3 kJ/mol. This complexation might have significant
the energy of the system. The conversion of Fe@@@m Dap implications for ligand substitution reactions in solution since
to C4, conformation has been calculated to require an energy the reactant molecules are interacting with each other prior to
between 0.5-3* and 2.3 kcal/mof® This effect, however, is  a reaction. For instance, UV-photoinduced ligand substitution
compensated by the energy changes of the molecular orbitalsmight not proceed via a dissociative process but instead might
of the complexes as the intermolecular distance decreases. Figurgroceed through a concerted process. In this case the leaving
14 compares the DFT-calculated molecular orbital energies of CO would be immediately replaced by an alcohol that was
the complexes at various intramolecular distances. The energiecomplexed to IPC prior to the photoexcitation (further details
of the orbitals primarily localized on IPC orbitals are shown as for IPC in fluorinated arenes are discussed elsevifiergince
solid lines, and the energies of the orbitals primarily localized the reactant molecules are interacting with each other prior to
on alcohol orbitals are shown as dashed lines. Since the overlaghe photoexcitation. a diffusive encounter of the reactant
between the orbitals of IPC and the alcohol is rather small, the molecules may not be required. As a consequence, product
complex orbitals are nearly identical to the orbitals of the formation could be possible before the onset of a full statistical
separate molecules. At approximately 350 pm the HOMO, redistribution of energy and, in turn, photoinduced coherent
HOMO—-1, HOMO-3, and HOMO-4 of all IPC—alcohol motions could be transferred from IPC to the ligand-substituted
complexes have a slight energy maximum which is compensatedproduct. Realizing the general importance of specific setute
in smaller alcohol systems by the drop of the energies of alcohol- Solvent interactions that “preassemble” reactant molecules prior
derived orbitals. This maximum is a consequence of the mixing to the induction of a reaction should permit one to choose
of IPC and alcohol orbitals. For the highest orbitals, symmetry chemical systems that could proceed faster than bimolecular
permits mixing of, for instance, HOMO1,pc — HOMO—14cohol diffusive-controlled reactions. As a consequence in the case of
— HOMOcomplex HOMOjpc — HOMOaicoho— HOMO—Leomplex Fe(COy, the formation of reactive intermediates in triplet states
and HOMQicoho + HOMOjpc — HOMO—2¢ompiex The orbital should be suppressed and the singlet reaction path should
subtractions and addition explain the formation of the energy dominate. In principle, such systems could permit the coherent
maximum for HOMQompiexand HOMO-Leompiexand an energy control of the entire bimolecular chemical reac_tion at room
reduction for HOMG-2¢omplex The other orbitals are mixed in ~ temperature and as a result open new synthetic pathways to
a similar way, but a detailed analysis has not been carried out.desired chemical products.

The orbital energies of HOMG5 and HOMG-6 are higher

for large alcohols than for small alcohols. With decreasing S
intramolecular distance, these energies decrease less the large('fhristopher M. Laperle for helpful discussions and comments
the alcohols. This effect might be caused by the larger orbital JL. and X.L (;ontributed equally to this work ’
size of the large alcohols because the overlap integral between™ o )
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