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The structures of iron pentacarbonyl, Fe(gQplvated in benzene and its fluorinated derivatives have been
investigated by X-ray absorption fine structure (XAFS) spectroscopy and infrared (IR) spectroscopy as well
as density functional theory (DFT) calculations. As discussed previously (Jiang, Y.; Lee, T.; Rose-Petruck,
C. J. Phys. Chem. 2003 107, 7524-7538), 60-90% of iron pentacarbonyl (IPC) molecules are distorted

to Cy, symmetry in aromatic solvents at room temperature. Typically one solvent molecule interacts with the
iron atom of IPC trans to the apical CO ligand forming an 1P€blvent complex. In substituted benzene
several IPG-solvent complex conformations coexist. The relative conformer populations were determined
by IR spectroscopy. These populations were subsequently used to determine the equilibrium structures of
each conformer through the analysis of XAFS spectra in combination with DFT structural data for the
IPC---solvent complexes.

1. Introduction marily in its gas-phase geometry. Instead, a conformer distribu-
tion is established that spans all symmetries betwggrand

C4. The structural deformations are directly related to the
Specific solute-solvent interaction strength and distance. Several
other systems that exhitlds, as well asCy, conformation are
known35-39 To date, only a few studies have investigated these
conformers theoretically or at interfac®s*? We showed
tpreviouslyl that at thermal equilibrium Fe(CglL,,) is the
dominant conformer in aromatic solvents with a solvent
molecule directly interacting with the iron center. In the resulting
IPC---solvent (IPC--S) complex, the solvent molecule is located
trans to the apical ligand of Fe(C&§Z,,). Such a complex
exhibits specific Fourier transform infrared (FTIR) active bands
that are nonexistent in Fe(C&Dsn). For the studies reported
here, we applied IR measurements in combination with X-ray
absorption fine structure (XAFS) measurements and density
functional theory (DFT) calculations for the determination of
the relative conformer concentrations and structures of the
IPC:--S complex in benzene and its fluorinated derivatives.
Benzene interacts with the iron center through one of its aryl
hydrogens.Here we will show that fluorinated benzenes interact
in a similar geometry through either a hydrogen or a fluorine.
We transcend our previous methéds the analysis of solvent
systems in which several IR-active conformers are simulta-
neously present.

The concerted application of IR and XAFS spectroscopies is

Transition metal carbonyls are of great importance in many
areas of chemistry such as organometallic synthesis, catalysts
biological processes, and materials chemistfyThe mecha-
nisms of their chemical reactions have been studied in the gas
and liquid phases by static and time-resolved met§otfsThe
photoinduced reaction mechanisms of Fe(£&)d its ultrafast
reaction dynamics have been investigated extensively in recen
years with particular attention to possible singlet-to-triplet
intersystem crossing during ligand dissociation and substitution
processe&s19.20

These studies assumed Dy, ground-state symmetry of
Fe(COj}, which is correct in the gas phase. In alcohols, aromatic
solvents, and many other solvents, however, interactions
between iron pentacarbonyl (IPC) and a single solvent molecule
lead to the formation of an IPE€solvent (IPC-S) complex,
thereby substantially distorting the geometry of IPThis can
have significant mechanistic consequences for ligand substitution
reactions, as the metal center is directly exposed to a single
solvent molecule. Here we investigate the influence of the
fluorination of benzene on the IPCsolvent (IPC--S) complex
formation.

The theoretically most stable geometry for Fe(€&)d other
dé systems isD3,2526 which has been confirmed by X-réy
and electron diffraction studi@&:3° Fe(CO} can undergo Berry

pseudorotatiof via a C,4, transition state. Its energy was -~ , - X
determined to be between %32 and 2.3 kcal/mof3 higher beneficial. IR absorption spectra are caused by transitions into

than that of theDs, geometry. The lifetime for each configu- symmetry-dependent vibrational normal modes of the molecules.

ration in liquid IPC at 250 K has been estimated to be between AS discussed above, the IPES interactions change the
10 and 90 ps with a 1 kcal/mol energy barrier for pseudorotation SYmmetry of IPC, yielding various simultaneously existing IPC
in solution34 While solvated iron pentacarbonyl is, of course, conformers. IR spectra can be used for the determination of

surrounded by many solvent molecules, we recently determinedthe conformer populations. The normal-mode frequencies are,
that the specific interaction with a single molecule stabilizes ©f course, parametrized by the intramolecular bond distances,
the complex in the vicinity of the transition stdteAs a but the spectra do not permit the measurement of these distances.

consequence, solvated iron pentacarbonyl does not exist pri-COnversely, XAFS spectra measure these distances rather
directly but, for the complexes investigated here, are not
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expressed by Debyéwaller factors in the XAFS equatio:.4
Thus, both IR and XAFS spectra provide conjugate information
that permits the measurement of the symmetry as well as bond
lengths within IPC and its associated solvent molecule. This
paper is divided into two main sections. The first presents the
measurement of the conformer distributions of IPC in cyclo-
hexane (CH), benzene (Bz), fluorobenzene (FBz), pentafluo-
robenzene (PFBz), and hexafluorobenzene (HFBz). In the
second section, knowledge of the conformer populations is
important for the subsequent analysis of the measured XAFS
spectra because they are superpositions of XAFS spectra for
each conformer. The analysis of the experimental data was aided
by DFT calculations.

DFT Calculations. We carried out density functional theory
(DFT) calculations of the structures of all conformers of the
IPC---S complexes for all investigated solvent systems. The
structures provided the initial estimate for the structural data
used in the analysis process of the XAFS spectra. Additionally,
using the calculated structures, we calculated the integrated IR
absorption coefficients for they, ve, andvip vibrational modes
that were used in the IR data analysis. All calculations of the
IPC:--S complex were carried out using JagtfaA B3LYP
model with LACVP** basis set was used in all DFT calcula-
tions. None of these calculations found evidence that IPC
interacts directly with ther orbitals of the aromatic ring. Instead,
the most stable complexes are formed by the interaction between
the iron atom and one aryl hydrogen or one aryl fluorine of the
aromatic solvent. Thus three basic conformers of the IPC can
exist simultaneously in solution: IP€Syy—n, IPC**Sayi-F,
and undistorted IPC witB s, symmetry. The interaction through
the aryl-H exhibits several features of a hydrogen bond. The
calculated bond lengths of the interacting B group increases
by about 1.5 pm as the distance between IPC and the aryl
hydrogen decreases. Simultaneously, electron density shifts from
the metal center to the aryl hydrogen and the-He-C bond Figure 1. Representative IP&HFBz structure at average soltite
path straightens. The total energies of the aryl-H and aryl-F solvent distances. All dimensions are in picometers.
conformers of the IPE€-S complexes were minimized under
the constraints of various solveriton distances ranging from .

330 to 225 pm. As an example, the IPGIFBz structure at population of deformed IPC. The measured peak areas and

260 pm molecular separation is shown in Figure 1. Structures Positions of thevi, vs, andvio modes are listed in Table 1.
for IPC+-Bz have been published earlier. When analyzing this area in various solutions, the respective

dielectric constants must be considered. We therefore always
normalizedv; peak areas by the sum of the peak areas of
v10o(E") and vg(A2") before further processing. Measuring the
area at various temperatures yields the Gibbs free energy for
the deformation fronDg;, to Cy,, or C4, symmetries. The analysis
decades, and the CO stretching modes of Fe{@@th Das, relies on the fact that only two kinds of conformers have to be
symmetry are well-knowA’-61 In principle, near-infrared considered with one of them, ti®y, conformer, not contributing
spectra permit the determination of molecular symmetries. For to the IR spectrum at all. Of course, a distribution ©f,
instance, transition metal carbonyl complexes ity sym- conformers exists in solution and the analysis does not permit
metry exhibit two prominent peaks that correspond to the IR- the determination of the exact geometries. However, IR data
active CO stretching modeg(E') andvg(A2"). For solvated analysis in combination with DFT structure calculations can
IPC they appear between 1967 and 2034 &rin general, the yield estimates for the complex structures. Details have been
peaks are red shifted relative to the gas-phase peaks anddiscussed in an earlier publicatididere the IR data analysis
depending on the solvent, are broadened. Complex deformationgprocedure is extended to the treatment of systems in which
leading toCy, or C,, structures give rise to peaks in the same several different types of conformers are present simultaneously.
spectral region, which makes the determination of molecular The procedure relies on the existence of compounds that have
geometries based solely on these peaks very difficult. In contrast,common conformer structures, such as Bz, FBz, PFBz, and

2. Conformer Populations

Solvated Fe(CQ)has been spectroscopically investigated for

at higher energies of about 2115 chthe v, normal mode is
Raman active but not IR active for IPC By, symmetry. This
peak becomes IR active for Fe(G(¥),,,Cs,) due to the reduced
conformer symmetry, an effect observed in many pentacoordi-
nated mixed-ligant$%2-%5 or chemisorbet? complexes. Since
the complex deformation is a prerequisite for the IR activity of
the v, mode, we used its peak area as a measure of the

HFBz. Their experimental IR spectra are analyzed simulta-
neously. As discussed above, the spectral analysis of Bz and
HFBz only needs to consid&rs, and nonb3, (Cy,) conformers.

The Cy, structures are characterized by the interaction of the
iron center with one aryl-H or one aryl-F for Bz and HFBz,
respectively. In contrast, the spectra of FBz and PFBz include
contributions from aryl-H and aryl-F conformers. This super-
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TABLE 1: IR Peak Areas and Positions

IPC—S structure M,2 M, + M3b My© M;L/(Mz + Mg) M; + M, + M3 M4/(M1 + M, + Mg)

CH freq (cm?) 1998.94  2021.76  2113.27
integrated abs coeff (km/mol) 2365.31  1362.48  0.07 1.74 3727.79 0.002%

Bz freq (cm?) 1993.95 2019.97 2113.27
integrated abs coeff (km/mol) 2254.88  1631.80 2.72 1.38 3886.68 0.070%

FBz freq (cnm?) 1994.85  2021.19  2114.03
integrated abs coeff (km/mol) 2382.07  1616.39  3.78 1.47 3998.46 0.095%

PFBz freq (cm?) 1997.76  2024.02  2115.59
integrated abs coeff (km/mol) 2625.41  1779.82 5.72 1.48 4405.23 0.130%

HFBz freq (cn?) 2002.59 202259 2115.64
integrated abs coeff (km/mol) 3284.74  1613.68 11.71 2.04 4898.42 0.239%

a Peak corresponds tao(Dan) + v4(Cz, andCy,). © Peak corresponds t6(Dan) + ve(Dan) andvz(C,, andCy,) + v2(Cy, andCy,). € Peak corresponds

to ‘V1(D3h, ng, and C4U).

position is expressed for FBz in eq 1. An equivalent equation with

holds for PFBz.

AS(FBZ) ASNHFBZ)

AVFB2) A (FBzy ) A (FBZy ) A R ez
= 6,10 6,10
AP (FB) Ay (Bl ) A, (FBZuy ) A(B2) ACH(HFB2)
A*YDg) 5= eip / e;p !
XW A"e‘lo(BZ) A”e,m(HFBZ)
o103 The population for the aryl-H conformer is
In eq 1, A'*(Dan) = 0. The constants:, 8, andy are the _1-a
relative populations of each conformer, the sum of which has b= 1.62 ®)

to be unity; thus

o+ B +x =100%

Jiang et al determined the equilibrium constant for the
Dsn—Cy, transformation for Bz, which defines the relation

betweens andy.

B
61.6%

38.4%

=Xt _—y=062 ©)

and for theD3, conformer is

x = 0.6 9)

Details of the derivation as well as its relation to the analysis
of the X-ray absorption spectra are depicted in Figure 2. The
analysis of the PFBz spectra follows the same procedure. In
that case, however, eq 3 is replaced by the relative population
between the aryl-F anbs, conformers. Its values have been
calculated by fitting the temperature dependence of the measured
normalizedv; peak areas of HFBz

)

In FBz and PFBz it is impossible to measure each conformer’s

contribution because the conformers cannot be experimentally

¥ =0.2% (3a)

isolated. This seems to suggest that the aryl-H and aryl-F terms .
in eq 1 cannot be evaluated. However, our calculated infrared TO check the accuracy of the values, the populations have been

absorption coefficients are nearly equal for all aryl-H conformers also determined by a variation of our general method. We

calculated at identical aryl-HFe distances. Similarly, the;

calculated the conformer populations of FBz using the measured

peak areas for aryl-F conformers of fluorinated benzene deriva- Normalizedv, peak areas of HFBz and also determined each

tives are nearly equal at identical ary-Fe distances. Conse-
quently, we assume that the normalizedpeak area for the
aryl-H conformer is identical to that of benzene, i.e.

Avl(FBZaryl—F) . Ai:p(HFBZ)

conformer of PFBz using that of Bz. Both calculation procedures
yielded similar results withint10%. Based on the ratio of
equilibrium conformer distribution fronds, and nonbs;,, the
Gibbs free energies for the IPCS complexation have been
calculated. All the conformer populations and their Gibbs free

A (FBZyyr) A% (HFBZ)

6,10

and

A (FBZy ) ARB2)

AVe,lo(FBZafY'*H) N Ai:TO(BZ)

Combining eqgs %5 yields the conformer populations for the

aryl-F conformer

1.62A B

“=162-B 162-B

4) energies are listed in Table 2. The calculated conformer ratio
of IPC in PFBz is in good agreement with its temperature-
dependent experimental value.

All IR measurements followed the same procedures presented

in ref 1. Briefly, Fe(COj was purchased from Aldrich (99.999%)

and used as received. The solvents were purchased from Aldrich

at 99%t purity and used after static drying with 300-pm zeolite
®) molecular sieves provided as beads with84mesh siz&% All
chemical preparation processes were carried out in a controlled
atmosphere glovebox with on-line drying and oxygen trapping
train under nitrogen atmosphere. The glovebox was illuminated
with red-filtered light of low intensity to prevent any photo-
chemical conversion. The IR absorption spectra were measured

(6) with a Mattson Infinity Golden FTIR spectrometer with sample
solutions of either 0.01 M concentration and &f sample
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Exp. integrated IR absormpt. coeff. (peak areas) DFT structures Exp. XAFS spectra
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AT (FBz) A, (B, ) A (FBrg) T AT (D) (1) X" (FBe,, )= X (B2) = FIT{X" (B2) X" (B2))
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(2) a+p+r=100% (Completenss)
Molecular structure
) B % _ a6 (From Y. Jiang et al, \ i IPC-FBz,,
) Gl6% aRAN Mo L. I’I;ys_(.'llcm..-\,ln?,?i:-llzﬂn_\l_J
A, (FBzy )  AT(HFBz) A (FBzg,.,) AT (Bz) DFT structures Exp. XAFS spectra
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(203) = a+p+06p=1 & p:‘l_b‘:‘ 1
L AT (FBz) A (HFBz ) A™(Bz) Determination of IPC — FBzw,_F structure
1)(45) = = =a-—2 +f—2—
’\:\.‘_;:[Fm' . ALl (HFBz) A:-.J...“;” (Superposition. of conformerspectra)
i (12) X (FBz)= o X7 (FBi gy 4 P X7 (B2 )+ 3 X7 (CH)
_AT(FBz) AT(HFBz) o ATV(Bz) | AT(HFBz) B aB _ 1624 B = ————— "
B A (FBz)| AT (HFBz) 162 A (Bz) .A;i'j'luﬂli-'nzl_’ “162 7162 162-B 162-B o 13) X (Fe, )= X7 FB2) X (B2)y- XV (CH)
A [ o @
1624 B l-a T = (14) X*(FBz,, ;)= Fr{x(FBz,, ) X" (FB2,, )
©) @ 62-B 162-8 W P=ie B):a=nome \
\‘ Molecular structure .
l IPC-FBz,
Figure 2. Scheme of concerted analysis procedure of infrared and X-ray absorption spectra.

TABLE 2: Summary of All Conformer Populations and were applied to the sample preparation for, and measurements
(S3|bb5 Ftree Energies for IPC Transitions from Dz, to C, of both, solvent-dependent and temperature-dependent FTIR
ymmetry spectra. Afterward, the; peak areas were analyzed and yielded

Experimental Data the conformer populations.
Dan [% non-Ds, [% AGcont [kI/mol
 [%] o [%] cont ] 3. Conformer Structures
CH? 100.0 0.0 . .
Bz 38.4 61.6 —1.17 The structures of the conformers were determined using
PFBZ 10.6 89.4 —5.29 XAFS measurements in combination with density functional
HFBZ’ 22.6 7.4 —3.06 theory (DFT) calculations. The conformer populations obtained
Calculated Data above were used to separate the measured spectra into the
spectral contributions of each conformer. XAFS relies on the
Dan aylH - aylF - nonDs, AGeort ionization of an inner atomic shell electron by absorption of a
6] %] [%] [%] [kd/mol] y P

single X-ray photon with an energy larger than the electron’s
ionization energy. As a consequence, the X-ray absorption cross
section of an atom inside of a molecule, for example, the iron
2 Reference 1, from temperature-dependent IR measureniditis atom in Fe(CQ), increases suddenly. Modulations of the cross
work, from temperature-dependent IR measurements. section as a function of increasing X-ray photon energy contain
thickness or 0.1 M concentration and 5@@ sample thickness  the desired structural information. Further details have been
sandwiched between two CaPlates. Thus, the absorbance discussed extensively in the literatfé® X-ray absorption
(optical density) of the solutions was varied by a factor of 100 spectra are typically considered in two parts: X-ray absorption
with the lower absorbance being used for the measurements ofnear-edge structure (XANES) and extended X-ray absorption
the vg and vip peaks. The larger concentration used for fine structure (EXAFS). XANES contains information about the
measurements of thg peak in the higher energy spectral range density of valence states of the absorber, as well as structural
did not influence the shape of the measured spectra as checkethformation, which is often interpreted by simulation. EXAFS
by test measurements at 10 mM concentration, where the smallspectra are determined by single scattering events of electrons
peaks above 2100 crhwere well recognizable. Nevertheless, propagating between iron and the surrounding atoms. Thus,
to improve the signal-to-noise ratio while maintaining the data EXAFS spectra measure the first-order atomic pair correlation
acquisition time, the larger absorbance was chosen for thisfunctions between iron and its surrounding atoms. Similar to
spectral range. The resolution of the FTIR spectrometer wasthe analysis of the IR spectra, the X-ray absorption spectra are
0.5 cntl. The spectra were fitted with Voigt profiles using the superpositions of the XAFS spectra of the conformers. For
Origin Peak Fitting program. The data listed in Table 1 are the instance, the measured XAFS of IPC in Bz is a superposition
results of these fits. Initially, thes andvyo peaks were fitted. of 62% IPG--Bz and 38%D3, conformer spectrum. ThBg3,

FBz 28.2 455 26.2 71.8 —2.31
PFBz 11.8 48.0 40.3 88.2 —5.00

Subsequently, we fitted the spectrum at 24@200 cnt? using conformer spectrum is known from the measurement of the
the wings of thevs andv1p peaks for background subtraction. XAFS spectra of IPC in CH because the nearly complete
Then, we used three Voigt profiles at the positionsvaf + absence of a1 peak in the IR spectra proves that IPC in CH

v1g, v1, andvy + vi4; see Figure 6 in ref 1. These procedures has retained it®z, symmetry. Therefore, the XAFS spectrum
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TABLE 7: Experimental Structural Data of Various IPC ---S
Complexes with Aryl-F Interacting with IPC

IPC-CH IPC—Dgp
NSLS DFT results (averaged)

R(Fe—C) [pm] 182.3+ 0.2 180.9
R(Fe—0) [pm] 293.8+ 0.2 295.9
R(C—-0) [pm] 111.5+0.24 114.9
0*(Fe—C) [pn¥] 19.6+2.7
0?%(Fe—0) [pn?] 124+21
S 0.878+ 0.011
Eo [eV] 6.13+ 0.10
residual [%] 18.0

IPC—FBz IPCG-PFBz IPC-HFBz

R(Fe—C) [pm] 182.1+0.32  181.4-0.21 181.6-0.19
R(Fe—0) [pm] 294.7+0.23  293.1+0.20 293.2+0.20
R(C—0) [pm] 112.74£0.39 11174029 111.6+0.27
R(Fe—F) [pm] 264.9+3.07 253.6-1.41 258.0+1.90
o*(Fe-C) [pnm?] 1.0+ 2.83 1.0+2.73 1.0+2.51
0*(Fe-0) [pn?] 1.0+2.82 1.0+ 2.49 2.9+ 2.56
o¥Fe—F)[pm?  39.6+40.08 1.0+ 16.16  24.0+ 25.23
S? 0.6+0.01 0.7+ 0.01 0.7+ 0.01
Ey [eV] 5.6+ 0.14 5.6+ 0.14 6.0+ 0.13
residual [%0] 27.8 21.4 18.3

TABLE 4: DFT-Calculated Structural Data of Various
IPC---S Complexes with Aryl-H Interacting with IPC

IPC-Bz IPC-Bz IPC-PFBz
R(Fe—C) [pm] 181.0 181.0 181.1
R(Fe—0) [pm] 295.9 295.9 296.0
R(C—0) [pm] 114.9 114.9 114.8
R(Fe—H) [pm] 250.0 250.0 250.0

@ Fixed distance during DFT calculations.

TABLE 5: DFT-Calculated Structural Data of Various
IPC--+-S Complexes with Aryl-F Interacting with IPC

IPC-FBz  IPC-PFBz  IPG-HFBz
R(Fe—C) [pm] 180.8 181.0 181.0
R(Fe—0) [pm] 295.9 296.0 296.0
R(C—0) [pm] 115.1 115.0 115.0
R(Fe—F) [pm] 260.0 260.0 260.0

a Fixed distance during DFT calculations.

TABLE 6: Experimental Structural Data of Various IPC ---S
Complexes with Aryl-H Interacting with IPC

IPC—Bz IPC—FBz IPC-PFBz
R(Fe—C) [pm] 181.9+0.21  182.1+0.19 181.6:£0.18
R(Fe—O) [pm]  292.6+0.19 293.5£0.17 293.0+0.17
R(C—0) [pm] 110.7+£0.28  111.4-0.26  111.3:0.25
R(Fe—H) [pm]  246.7+12.16 246.5£12.08 245.3+12.66
0%(Fe=C) [pn?] 28.6+3.21 21.6+2.88 7.7+2.39
o¥Fe-0) [pm?] 22.3+19.27  13.1£2.22 7.5+2.11
o’(Fe—H)[pm? 1.0+ 133.18 1.0+130.78 1.0+ 135.37
S? 0.9+ 0.01 0.8+ 0.01 0.9+ 0.01
Eo [eV] 5.6+0.14 5.6+ 0.13 5.5+ 0.13
residual [%] 19.5 17.7 19.5

of IPC measured in CH is used to subtract By conformer

The measured XAFS spectrum of IPG&Bz is a super-
position of theC,, and Dz, conformers:

X*FBz) = 0X*AFBz,y, ) + AXAB2) +
2v
1X9(CH) (12)
D3h

with the conformer populationg, 3, andy defined by egs 6,
8, and 9. The experimental XAFS spectrum for {PEBZyy-r
can be obtained from eq 13.

X®A(FBz) — BXP(Bz) — ¥ X**(CH)
* (13)

Xexp(I:BzarylfF) =

This spectrum was fitted using the DFT-calculated structures
of the aryl-F conformer with a fluorineiron distance of 260
pm as the initial structure estimate as described by

X" (FBz,y ¢) = FITX®AFBz,y, ) X"*1FBz,,, ) (14)

The resulting structural data are listed in Table 7. In general,
we analyzed the EXAFS portion of the XAFS data by
calculating theoretical spectra while fitting the scattering path
lengths of the photoelectron until best agreement with the
measured data was obtained. The initial scattering paths were
calculated based on DFT structures of the 1€ complexes

contribution from the benzene spectrum. In eq 10 the correctedjisted in Tables 4 and 5. It is desirable that the EXAFS fitting
IPC---Bz spectrum is equal to that of the aryl-H conformer of process and the DFT structure calculations are combined in a
IPC in Bz. Furthermore, It was equated to that Of the aryI'H C|OSed_|oop proceSS’ but SUCh a procedure iS Current'y too

conformer of IPC solvated in FBz.

XN FBZyy ) = XTABZ,y ) = XTN(B2) —
3896X®*(CH) (10)

Subsequently, the IPEFBzay-+ spectrum was reproduced

by a theoretical EXAFS spectrum calculated with FEFF 8.10.
Our DFT-calculated structures of the aryl-H conformer with a
hydrogen-iron distance of 250 pm were used as the starting

complicated. Furthermore, the nearest solvation shell should be
included in the XAFS analysis. Nevertheless, the structures of
other symmetric complexes, such as Ni(¢Nand Fe(CNy -,

have been successfully analyzed without consideration of the
solvation shell$?.7°Here we ignore the solvation shells as well
because the resulting structural fluctuations will randomize the
phases of the electron scattering paths. As a consequence, their
contributions to the XAFS spectrum cancel out. However, even
without the solvation shell, considering only up to third-order
scattering paths, about 60 single and multiple scattering paths

ztrg((::;[?urgsifsogtf&zlsttcr)utﬁtgrse gtlpfr;]ngpégﬂ}cﬁjs J]Zeﬁ?tﬁft-ﬂi 3(0' ;23; exist within a radius b4 A around the iron atom. Not all of
P q P ) ' gp them can be included in the fitting process because the number

X"(FBz,y ) = X"(Bz) = FIT(X*Bz) X"*{Bz)) (11)

yields the structural parameters of IR and IPC+*Bzayi—.
They are reproduced in Tables 3 and 6.

of fit parameters would exceed the amount of structural
information contained in the XAFS spectra. In general, this
information increases with increasing spectral range over which
X-ray absorption modulations are measured, which is why it is
desirable to measure spectra over the largest possible X-ray
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Path 8: 137% Path 7: 121% Path 1: 100% Path 6: 27% Path 5 (Fe-F): 8%

“e

. : .
H H H
‘E -+ 4 e

Figure 3. Photoelectron scattering paths used for structural fitting of XAFS spectrum.

o

]

energy range. Stefhderived that the number of independent labeled Fe-H/F refers to the single scattering path between iron

points contained in an XAFS spectrum is and aryl hydrogen or aryl fluorine for the aryl-H and aryl-F
conformers, respectively. The measured XAFS spectra of IPC
N, = 2AKAR (15) solvated in benzene and its fluorinated derivatives are shown
|

in Figure 4. The spectra were measured at the National
) Synchrotron Light Source, beam line X11B, which had a
Here, Ak is the analyzed wavenumber range of the XAFS  gj(111) channel-cut double crystal, with step sizes ranging from
spectrum and\R is the range of the electron scattering path (.25 to 1 eV for up to 200 eV above the iron K edge and 0.05
lengths over which the fitis made. In our casé=10.5 A", A-1 step size ink-space for the higher energy region. Before
AR = 1.2 A, which yieldsN, = 10. Thus a theoretical XAFS  fyrther data analysis, all the data points of the visible glitches
spectrum described by up to 10 parameters, such as atomiGn the original spectra were removed and subsequently replaced
distances from the iron atom to surrounding atoms and their with points obtained through polynomial interpolation. Data
corresponding DebyeWaller factors, can be fitted to the data.  reduction of experimental absorption spectra and EXAFS fitting
Usually additional parameters have to be included. These yere carried out using WinXAS 372.Background subtraction
parameters include the amplitude reduction fact8f, &  and normalization was carried out by fitting a polynomial to
correctionEy to the theoretical ionization energy, and possible {he preedge and postedge regions of an absorption spectrum. A
multiple scattering path lengths between ligands. Since IPC hassmooth atomic backgroundi(k), was obtained using cubic
10 ligand atoms, a theoretical XAFS spectrum that explicitly gpjines. Using FEFF 8.16;75 the EXAFS sections of the
includes all distances greatly exceddsand a reduction of fit  gpectra were analyzed through multiple scattering fitting
parameters is required. We therefore represent the individualysjng the parameters from eq 16. Table 6 shows the fitted
scattering paths within each of the 10 ligand atoms by common gtryctural parameters of IPCBZaryi—t, IPC++*FBZapyipi, and
paths while increasing the relative contributions of the new IPC-++PFBzyyi—n. Table 7 shows the fitted structural parameters
representative paths by a factor of 5. These paths are depictegys IPC++*FBZaryi—r, IPC-+*PFB2zyyi—r, and IPG--HFBZyyir. AS
in Figure 3. All other scattering paths were neglected either ap jjjystration of the quality of the fitting process, the experi-
because their scattering amplitudes are small or because thermahental XAFS spectrum of IP&HFBZyy,¢ and the fitted
vibrations of soft modes with large Deby®Valler factors spectrum are shown in Figure 5. Tkeweighted experimental
effectively randomize the waves’ phases such that their con- anqg the fitted XAFS spectra were Fourier transformed using
tributions cancel out. Furthermore, the remaining paths 7 and 8gentical parameters. The resulting radial distribution functions
are correlated with path 6, and a common distaRg@nd a  are hoth compared in Figure 6. The transformations were carried
Debye-Waller factorog can be used for their parametrization. oyt without any phase correction of the scattering electron waves
Thus, the structural fits were carried out using the following and, consequently, the absolute values of the abscissa are

eight independent parameters: downshifted. The peak position agreement of better than 1 pm
) ) ) confirms the numerical precision for the fitted ireligand atom
o’ (Fe-0) = Og =07 =0y distances listed in Tables 6 and 7.
RFe-0)=R,=R, =R, The scattering amplitude of the &l path is very small,
and we therefore do not believe that our measurements permit
o’ (Fe-C) = 012 a reliable measurement of the-Fd distance. In addition, the
smallo? values for the FeH paths result from very low electron
R(Fe-C)=R, density for that scattering path. This is numerically expressed
in the large uncertainty for this distance astvalue in Table
o*(Fe—HIF) 6. In contrast, the FeF distances are much more reliable, as
R(Fe—H/F) shown in Table 7. This was confirmed by test calculations that
did not include the FeF scattering path. Removing the fluorine
S)z, E, (16) atom and then optimizing the EXAFS fit yields a residual of

20.0% in contrast to the residual of 18.2% for a fit that includes
The coordination number of paths 1, 6, 7, and 8 remained the Fe-F path. Thus, while the difference is not large, the
fixed at 5 and that of path 5 for FeH/F was set to 1. The path ~ fluorine atom noticeably contributes to the fit. The small
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Figure 4. Experimental XAFS spectra of IPC in various solvents.
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Figure 5. Comparison of experimental XAFS spectrum of HFBz and spectrum of the best structural fit.

values for Fe-C and Fe-O paths in IPC-Say-r are caused
by noise at highek values. This was verified by reducing the
kmax value during fitting by 1 AL. Consequently, the residuals
were improved by 2% and some of the? values increased
by a few square picometers.

4. Discussion

of electron density in ther back-bonding orbitals within IPC,
which, in turn, causes an increase in the irdigand distances

and a simultaneous decrease in the carbonyl bond lengths and
an increase of bond strength. The DFT-calculated structural data
show that increasing fluorination of benzene induces an increas-
ing deformation of IPC towar@,, symmetry. As a consequence,
the CO-Fe—CO angle of the axial ligands decreases and the

Solvation of IPC generally causes a red shift of the CO angle between the equatorial ligands in the plane of the solvent
stretching vibration frequencies, and the peak positions of the attack increases. This effect occurs for both the aryl-H and the
CO stretching vibrations in Bz are blue shifted relative to those aryl-F conformer complexes as shown in Figure 7. The angles
in CH. Increasing fluorination of benzene, however, blue shifts for the aryl-H complexes were calculated at 250 pm P&
the peak positions relative to Bz. This is caused by a reduction distance. While the angles of the aryl-F complexes were
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Figure 6. Radial distribution function of experimental XAFS spectrum of HFBz and that of the best structural fit.
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structural data were calculated for an H*S distance of 250 pm; the aryl-F conformer structural data were calculated for anSRistance of
260 pm. The bond angle labels correspond to the ligand labels in Figure 1. For reference, the corresponding angles for undistorted IPC in cyclohexane

are shown.

calculated at a 10 pm larger distance, the induced deformationsan increasing deformation of IPC froBx;, toward Cg,. Jiang

are more pronounced. These deformations are accompanied byt all showed in their Table 1 that the peak ratio initially
an electron density shift from IPC toward the complexated decreases for increasingly deformed IPC but eventually increases
solvents. Such shifts cause a reduction of electron density inabove the value foDz, as aCs, symmetry is approached. Thus,
thesr back-bonding orbitals within IPC. This increases the@ the IR data support the theoretically predicted deformation.
bond strengths, which, in turn, blue shifts the IR peaks. We  The symmetry changes are accompanied by a slight bond
observed this theoretically predicted shift as shown in Table 1. length reduction within IPC with increasing benzene fluorination
Furthermore, the ratio of thévl// (M, + Ms3) peak areas, and aryl-F interaction as shown in Table 7. Simultaneously, the
corresponding to the ratig;o/ve for D3, symmetry, decreases  distance between Fe and aryl-F decreases by about 11 pm going
from CH to Bz and further with increasing fluorination. For from FBz to PFBz, but it increases again for the tPEFBz
HFBz, however, this ratio increases again. This trend indicated complex. This implies that the interaction between IPC and
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PFBz is stronger than the interaction between IPC and HFBz, SCHEME 1 @

which, in turn, implies that the noBs, population of IPC in coordinating non-coordinating
PFBz is larger than the one in HFBz. Thus, the XAFS data and solvent solvent
Af— —=

the FTIR data are in general agreement with each other and
follow the trend suggested by the DFT calculations.

Example: 1) 'Fe
The population calculations introduced in section 2 are based GR) “Relcog-8
on the assumption that the IR peak areas of IPC interacting (m')ch---H—@ I“‘"
with aryl-F and aryl-H, respectively, are identical for all solvents. ('1%) 'FelcO); -8
This ignores the fact that the deformation of IPC increases with \
increasing solvent fluorination, as shown in Figure 7. For -C0

: . . - . 'Fe(cO),--s (12
instance, eq 4 is not entirely accurate because the interaction ‘ - I«r?ﬁ ('27)
with the aryl-F of HFBz induces a larger deformation of IPC a0 :
than the interaction with aryl-F of FBz. As a consequence, Table

1 of ref 1 suggests that the relativepeak area should be larger

'Fe(CO); -5 ('2)

ns

in HFBz than in FBz. Thus, in principle, the recovery of __H (139 'Fdco),s’ Fe(CO), S (32)
the conformer populations depends on the knowledge of the ©©:fe¢—
IPC:--S structures, which can only be calculated after the-iron ('3)  'Fe(CO),S

fluorine distances have been measured by XAFS. The analysis ,, . . - L .
Left: suggested ligand substitution mechanism in complexing
of the XAFS spectra,_howeve_r,_dep_ends on the knpwledge of solvents. Right: possible reaction mechanism in noncomplexing
the conformer populations. This implies that an iterative process sglvents. The reaction times are taken from ref 16.
that includes the IR analysis, XAFS analysis, and DFT calcula- . . . . . .
tions might be needed. While this is in principle true, we makes th(_amvo_lvement of a triplet mtermedlate hlghly unlikely,
estimated that the errors caused by the assumption made in qund r.”“'“P'e ligands can be.lost without any Intersystem
4 and 5 are a few percent. For instance, the precision of the €rOSsINg. Qf course, in_solution excess energy 1s quickly
population recovery process can be estimated by a 10% variationd'ss'pated into the solvent and multiple ligand loss does not

of the relativev; peak area of IPEFBz in eqs 4 and 5. This occur as observed in the literatufe’ " Subsequently, with

. i im le, the electronic groun
causes a decrease of the calculated aryl-H conformer populatlonremxatlon on the nanosecond time scale, the electronic ground

. . tate3Fe(CO), (32), and finally the substituted produégj can
from 45.5% to 42.6%. Simultaneously, the aryl-F population S ’ ' . ) :
increases from 26.2% to 31.1% and g conformer popula- _be reached. Thus,_ if Fe(C&J formed dunng_the reaction, two
tion decreases from 28.2% to 26.4%. Thus, the overall error is intersystem crossings (ISC) have to occur in order to reach the

o o . product {3). Alternatively, intersystem crossing might occur
smaller than 5% for a 10% uncertainty of thepeak area. within IPC after photoexcitation but before CO dissociafiéin.

One of the goals of this study is the determination of the g,,c, 5 triplet state would, in principle, directly correlate with
equilibrium structures of solvated IPC for later use as initial 32). However, based on the measured times of less than 100
structures in ultrafast laser-pump XAFS-probe measurementssqi6 tor the reaction from 4% to (12), such early intersystem
using laser plasma X-ray sources. The first of such measure-crsssings can be excluded. Snee éPabserved the formation
ments have recently been perfornf€dlhe ultrafast atomic of 3Fe(CO), (32), in dry heptane after about 26 ps using time-
motions dur_ipg _photoinduced ligand substitution re_action depend esolved infrared spectroscop§2) was identified by its close
on the equilibrium structure before photoexcitation. We have gimilarity to the expected triplet IR spectra. It existed for at
shown that complexing solvents induce substantial deformations|a5st 660 ps without apparent substitution product formation,
of IPC while noncomplexing solvents do not. Here we define a showing that the reaction fron?2) to (:3) is very slow in
solvent as complexing if more than 50% of all IPC molecules ,5ncomplexing solvents. As discussed above, we consider ISC
form an IPC--S complex at room temperature. Thus, we \yithin Fe(CO} unlikely. Consequently, the production G2}
consider Bz and its fluorinated derivatives a complexing solvent requires the formation of2), which has not been observed. It
and CH a noncomplexing solvent. Most likely other alkanes might be possible that the IP@olvent interaction accelerates
are noncomplexing as well. ISC from (2) to (32), but this seems unlikely in a noncoordi-

The interaction strength of Bz increases with increasing nating solvent. Furthermore, it does not explain why the reaction
fluorination as indicated by the increasing blue shift of the IR would not proceed from') directly to ¢3), since the reaction
peaks, the increasing structural deformation of IPC, and the between singlet complexes and alkanes should be fast. This
reduced Fe-solvent distance. As a consequence, ligand sub- situation is somewhat puzzling.
stitution reactions do not have to proceed through a dissociative In contrast, the left side of Scheme 1 depicts our suggestion
process. Instead, a concerted process might occur with onefor a concerted substitution mechanism in complexing solvents.
carbonyl leaving as the solvent forms a chemical bond. Based This path does not involve any intersystem crossing. We suggest
in part on time-resolved optical purafprobe data from ref 16,  that (1) after photoexcitation in complexing solvents proceeds
Scheme 1 depicts possible reaction mechanisms for complexingdirectly from (1*) to (13*) and (3). No triplet intermediate is
and noncomplexing solvents. For noncomplexing solvents, the formed, and the reaction rate is not limited by the diffusive
reaction dynamics in the first picoseconds are likely to be similar encounter between IPC and S. As an example, the produet IPC
to the gas-phase dynamics. Ultrafast gas-phase dissociatiorBz is shown. The molecular structure is not known and the
studies have demonstrated that the UV photolysis of IPC causesproduct is not long-term stable. However, it has been identified
the loss of a single CO ligand within 150 fs via a conical by Church et af! after photodissociation of Fe(C©3olvated
intersection® The ligand dissociation likely proceeds via in benzene. Their xs temporal resolution was too long to
pseudorotation during the relaxation frofiFe(CO)J* to permit the measurement of the rate constant for the reaction
1Fe(C0),16-1877 corresponding to'g*) and (12), respectively. step of {1*) to (33). Its IR spectrum is similar to that of
The vibrationally hot[Fe(CO)]* may lose further ligands Fe(CO)(n%-alkene) complexes, which suggests that benzene is
within several picosecond§:18 This rapid dissociation process also bound inj?-coordinationf! 82
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While we believe that our and other authors’ evidence
supports the distinction of separate reaction mechanisms for

complexing.and noncomplexir\g solvents,.details of the molec- (6) Wrighton, M.Chem. Re. (Washington, D.C.1974 74, 401—430.
ular dynamics and the reaction mechanisms remain unclear.  (7) Geoffroy, G. L.; Wrighton, M. SOrganometallic photochemistry
More information might be obtainable through time-resolved Academic Press: New York, 1979. - Kiefer B N
structural measurements. Ultrafast structural measurements oﬁahy(sg)m%%mlrgg' é;ggﬁlgrgff* T, Bergt, M., Kiefer, B.; Gerber, &Chem.
the IPC dissociation reaction haye been carried out.in the gas " (9) Barares, L.; Baumert, T.; Bergt, M.; Kiefer, B.: Gerber, Ghem.
phase’ We recently succeeded in measuring the first laser- Phys. Lett.1997 267, 141-148.
pump ultrafast XAFS-probe signal of solvated iron hexacyanide lgé}aoggg'*gg‘g_egég- J.; Cavanagh, R. R.; Stephenson, J. Chem. Phys.
using our laser plasma X-ray sourdJltrafast XAFS measure- (11) Lorono, M.; Cruse, H. A.; Davies, P. B. Mol. Struct200q 519,
ments of the photosubstitution reaction in complexing and 199-204.
noncomplexing solvents will likely provide the opportunity to (12) Asselin, P.; Soulard, P.; Tarrago, G.; Lacome, N.; Mancerod, L.
distingui : ; ; hem. Phys1996 104, 4427-4433.

guish between the reaction mechanisms shown in Schem 13 Lian T- Y H - Asplund. M.- Brombera. S. E.- Harris. C. B

83 . Rlcalculated that the FeCO-li d (13) Lian, T.; Yang, H.; Asplund, M.; Bromberg, S. E.; Harris, C. B.

15 For 'nStanFe, Snee et calculated that the Igand  Femtosecond IR studies of solvation by probing the solvenSgringer
bond lengths in¥) are approximately 6 pm longer than thatin  Series in Chemical Physic§oennies, J. P., Ed., Springer: New York, 1996;
19) Qi ; : : Vol. 62, pp 306-301.
(ﬁ). Singlet p:gductt_ dlst;nceﬁ_f?rgwshgxirsagaln.tSuchtcrillstagce (14) Joly, A. G.. Nelson, K. AChem. Phys1991, 152 69-82.
c ange_s wou _no |9§a y shi € i s_pec rum_’ eredy (15) King, J. C.; Zhang, J. Z.; Schwartz, B. J.; Harris, CJBChem.
permitting the identification of the triplet intermediate. In  Phys.1993 99, 7595-7601.
contrast, the singlet reaction mechanism would be characterized (16) Trushin, S. A;; Fuss, W.; Kompa, K. L.; Schmid, W. .E.Phys.
by a rather constant bond length. Furthermore, the suggeste hem. A200Q 104, 1997-2006.

.. . ) ! ) (17) Ihee, H.; Cao, J.; Zewall, A. FAngew. Chem., Int. EQ001, 40,
agostic interaction between IPC and benzene, shown in Schemegs3>-1536.
1, would cause substantial changes in the XANES spectrum as (18) Poliakoff, M.; Turner, J. Angew. Chem., Int. E001, 40, 2809~

3 2812.
shown by Lee et e (19) Snee, P. T.; Payne, C. K.; Mebane, S. D.; Kotz, K. T.; Harris, C.
B. J. Am. Chem. So@001, 123 6909-6915.
(20) Snee, P. T.; Payne, C. K.; Kotz, K. T.; Yang, H.; Harris, CJB.
_— _ Am. Chem. SoQ001, 123 2255-2264.
The equilibrium structures of IPC solvated in benzene and = (21) vang, H.; Snee, P. T.; Kotz, K. T.; Payne, C. K.; Frei, H.; Harris,
its fluorinated derivatives have been measured by FTIR and C. B. J. Am. Chem. Sod999 121, 9227-9228.

XAFS spectroscopies. DFT structures were used as input for, (22) Kotz, K. T.; Yang, H.; Snee, P. T.; Payne, C. K.; Harris, C. B.
he XAFS analvsis. It was found that IPC forms comblexes with Ultrafast infrared studies of ligand rearrangement at coordinatively unsatur-
the | ysIS. ] _ ple ated transition metal centers. Bpringer Series in Chemical Physics
a single solvent molecule. The interaction strength increasesSpringer: New York, 2001; Vol. 66, pp 63%38. _
with increasing fluorination of the solvent. In an extension of o (23) KOELC*;- T&Jo%n%bg';lggffé; T.; Payne, C. K.; Harris, CJB.

. : rganomet. e .
O,ur previous work using only IR spectroscopy, the mlvent %24) Fuss, W.; Trushin, S. A.; Schmid, W.Res. Chem. Interme#001,
distances could be measured for several of the simultaneously>7, 447-457.

present conformers. (25) Demuynck, J.; Strich, A.; Veillard, Alow. J. Chim.1977, 1, 217—
; it 228.

The complexatlpn bEtweer]. IF.)C and coordlnatlng Solven'.[s (26) Rossi, A. R.; Hoffmann, Rnorg. Chem.1975 14, 365-374.
makes concerted ligand substitution processes very likely. This,  (37) graga, D.; Grepioni, F.; Orpen, A. @rganometallics1993 12,
in turn, should suppress any theoretically possible reaction 1481-1483. ' _ '
mechanisms that involve triplet intermediates. These propertiesG (ZSSQ Eje_a%eé’, ‘akctfu'(c:“htafl‘lk' D. gV f';azlggeéég';\;%; szf'ette' A.

. . . eldrick, G. Cta Crystallogr., sect. — .
should be p_rototyplcal for a larger class of monomet_alllc (29) Beagley, B.. Schmidling, D. GI. Mol. Struct. 1974 22, 466
systems, which are electronically saturated but not sterically 463,
crowded. These IPES complexes offer important opportunities (30) Braga, D.; Grepioni, F.; Orpen, A. @rganometallics1994 13,
for UXAFS investigations of the ultrafast dynamics of bimo- 35‘(‘?‘)‘1)3%5;; R, S.J. Chem. Phys1960 32, 933-938
lecular reactions because the photoinduced bimolecular reactions (35 B|yh3é’|de'r’ G.; Springs, Jﬁorg. Chem.1985 24, 224-227.
may preserve vibrational coherence from the reactants, observed (33) Jang, J. H.; Lee, J. G.; Lee, H.; Xie, Y.; Schaefer, H. F.JllI

in the gas phase for various transition metal carbofyi$to Phys. Chem. A998 102, 5298-5304.
the products. (34) Spiess, H. W.; Grosescu, R.; HaeberlenCdem. Phys1974 6,

(4) Knolker, H.-J.Chem. Soc. Re 1999 28, 151-157.
(5) Suslick, K. S.; Hyeon, T.; Fang, M.; Cichowlas, A. Adv. Catal.
Nanostruct. Mater1996 197—212.

5. Conclusion

226—-234.
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