ITPUJIO3U, OpzeneHue 3a MPUPOAHO-MATEMAaTHIKU U OnoTeXHHYKH Haykn, MAHY, Tom 38, 6p. 1, crp. 43-56 (2017)
CONTRIBUTIONS, Section of Natural, Mathematical and Biotechnical Sciences, MASA, Vol. 38, No. 1, pp. 43-56 (2017)

Received: February 7, 2017
Accepted: April 25, 2017

ISSN 1857-9027

e-ISSN 1857-9949

UDC: 544.47:544.342]:543.422.3-74
DOI:10.20903/csnmbs.masa.2017.38.1.100

Original scientific paper

VIBRATIONAL SCALING FACTORS FOR Rh(I) CARBONYL COMPOUNDS
IN HOMOGENEOUS CATALYSIS®
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Metal carbonyl complexes are an important family of catalysts in homogeneous industrial processes. Their
characteristic vibrational frequencies allow in situ tracking of catalytic progress. Structural assignment of intermedi-
ates is often hampered by the lack of appropriate reference compounds. The calculation of carbonyl vibrational fre-
quencies from first principles provides an alternative tool to identify such reactive intermediates. Scaling factors for
computed vibrational carbonyl stretching frequencies were derived from a training set of 45 Rh-carbonyl complexes
using the BP86 and B3LYP functionals. The systematic scaling of the computed C=0 frequencies yields accurate
calculation and assignment of the experimentally obtained v(CO) values. The vibrational scaling factors can be used
to identify reaction intermediates of the industrially relevant Rh-catalyzed hydroformylation reaction. The absolute
error between calculated and experimental spectra was significantly reduced and the experimental spectra were as-

signed successfully.
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INTRODUCTION

Hydroformylation of alkenes (also known as
"oxo process") is one of the most important homo-
geneously catalysed industrial processes with a
yearly production of more than 10 million metric
tons of oxo chemicals [1]. The produced aldehydes
from olefins and syngas (CO/H,) are used as per-
fumes, surfactants, plasticizers and solvents. Owing
to the milder process conditions, rhodium(l) car-
bonyl complexes are the predominant catalysts of
choice [2]. For the purpose of achieving higher
n/iso selectivity, rhodium carbonyl complexes are
modified with bulky phosphine or phosphite lig-
ands. Aryl diphosphite compounds are attractive
modifying ligands offering high catalytic activity
and selectivity on one hand, and ease of preparation
in comparison to phosphines on the other [3]. Also
being generally less sensitive to sulfur compounds
and oxidizing agents, bulky aryl diphosphites are

the first choice for selective production of large
quantities of n-aldehydes. Phosphite ligands, such as
BiPhePhos, provide 98-99% n-selectivity [4]. The
ligand BiPhePhos and Rh(I)BiPhePhos precatalyst
with two carbonyl and one hydride ligand are shown
in Figure 1. In addition to hydroformylation purposes,
rhodium carbonyl complexes are also important cata-
lysts in a number of other large-scale homogeneously
catalysed industrial processes, e.g. the production of
acetic acid (the Monsanto process) [5].

Understanding the mechanism of the com-
plex catalytic reaction networks and establishing
structure-selectivity/reactivity relationships is in-
credibly valuable for the further development of
catalysts and processes, as well as for tailoring new
catalysts. Infrared (IR) spectroscopy plays a very
important role in metal carbonyl chemistry for
gaining mechanistic insight and the bands due to
CO absorption, occurring around 2000 cm™, are
especially informative. Operando IR spectroscopy

*Dedicated to academician Bojan Soptrajanov on the occasion of his 80™ birthday
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is an advancing in situ methodology to monitor
formation and disappearance of intermediate spe-
cies in real time, under working conditions at ele-
vated pressures and temperatures using time-
resolved spectra [6].

For (carbonyl containing) Rh catalysts, the
C=0 stretching frequencies are of crucial im-
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portance to deduce structural information of inter-
mediate complexes during the reaction. With CO
being a strong m acceptor ligand, the strength of the
Rh—CO bond and consequently frequency of vibra-
tion of the C-O bond will depend on the electron
density at the rhodium atom.

Figure 1. Structure of BiPhePhos ligand (left). DFT(BP86/def2-TZVP)
optimized HRh(BiPhePhos)(CO), hydroformylation pre-catalyst (right).

CO stretching vibrations are very sensitive to
their chemical environment, give rise to sharp and
intense bands well separated from other vibrations
in the spectrum. All of this explains why IR is the
most important technique for rationalizing the
structure of CO complexes. Assignment of the re-
sulting spectra, however, is almost never unambig-
uous. Ab initio calculated frequencies have been
recognized as an inevitable tool in structural as-
signment and interpretation of complex vibrational
spectra. For larger molecules and transition metal
complexes, density functional theory (DFT) is the
method of choice due to its computational efficien-
cy [7, 8]. However, due to intrinsic biases of the
theoretical models, the computed frequencies are
shifted with respect to the experimental ones. This
has its origins in approximating vibrational move-
ments of a molecule to be harmonic. Other sources
of error are the use of a finite basis set and the ne-
glect of electron correlation. Further source of error
is that the computed frequencies stem from isolated
molecules (gas phase) whereas the measured spec-
tra are usually done on liquid or solid samples
where perturbations from solvent, counter ions or
matrix environment are present. Thus the computed
harmonic vibrational frequencies are typically larg-
er than the experimentally observed fundamentals

[9]. The discrepancies between computed and
measured vibrational frequencies tend to be sys-
tematic. This makes it possible to correct ab initio
frequencies by a scaling factor to compensate for
the approximations so that they match the experi-
mental outcome. Deriving scaling factors for har-
monic frequencies has received a much of attention
in the literature [10-14]. Derived scaling factors are
specific to each level of theory used, but they also
depend on the test set of molecules. In the literature
usually global scaling factors are given for correct-
ing the complete IR spectral range, although it is
known that low and high frequencies are not equal-
ly affected by the deficiencies of the computational
methods. When uniform scaling factors are used,
large errors from the highly anharmonic low fre-
guency modes enter in the scaling factors. Studies
show the scaling factors for high and low frequen-
cies can be very different which justifies the use of
dual scaling [11]. There are published carbonyl
frequency scaling factors for Fe-Fe complexes [15],
or for diverse transition metal homoleptic carbonyls
[16]. Nevertheless, the systematic errors arising
from the basis sets of different transition metals are
different. To the best of our knowledge, there is no
systematic study for reliable and un-biased scaling
of heteroleptic Rh-carbonyl complexes.

Contributions, Sec. Nat. Math. Biotech. Sci., MASA, 38 (1), 43-56 (2017)
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Here we derive vibrational scaling factors for
two commonly used DFT functionals from a large
number of experimentally characterized Rh(l) car-
bonyl complexes. The newly derived vibrational
scaling factors can help to assign the structure of
spectroscopically observed intermediates in com-
plex reaction networks. A reliable assignment of
complex in situ or operando vibrational spectra
stemming from Rh-catalysed processes becomes
possible.

COMPUTATIONAL DETAILS

A training set of 45 experimentally charac-
terized Rh(l) carbonyl complexes was designed
from chemical literature. All structures were opti-
mized at the DFT level using two commonly used
functionals: one generalized gradient approxima-
tion (GGA) functional (BP86 [17, 18]) and one
hybrid functional (B3LYP [17, 19]). For all atomic
orbitals, the def2-TZVP basis set was used [20]
substituting previous Ahlrichs’ basis sets [21]. This
basis set was shown to give reliable vibrational CO
frequencies for a number of metal complexes, see
for example [22-24]. All final structures were char-
acterized to be minima by calculating the Hessian
matrices at the respective level and the absence of
any imaginary eigenvalues. The frequencies corre-
sponding to CO stretching vibrations were then
used for comparison with experiment and deriva-
tion of a vibrational scaling factor. All calculations
were done using TURBOMOLE V6.6 [25].

RESULTS AND DISCUSSION

A set of 45 carbonyl containing rhodium(I)
complexes with available experimental IR spectro-
scopic data was selected from literature. The crite-
ria for the selection were the formal oxidation state
of rhodium to be +1 and the presence of one or two
terminal carbonyl ligands. Complexes with bridg-
ing CO or clusters with more than one Rh atom
were not included in the selection. It is beyond the
scope of this study to individually discuss the CO
stretching frequencies of each compound which
span a range of 170 cm ™ (see below).

Both BP86 and B3LYP are known to gener-
ally reproduce structural parameters such as bond
lengths and bond angles of transition metal com-
plexes very well [26]. We here give one representa-
tive example complex from the test set,
Rh(acac)(CO),, a precursor of the catalyst in hydro-
formylation (Figure 2). The calculated structural
parameters are in excellent agreement with the ex-
periment from X-ray structural analysis [27]. Both

shown bond lengths (rhodium—CO and C-O) are
better reproduced by BP86 (to within 0.01 A),
whereas B3LYP overestimates the Rh—C bonds by
0.3 A, and underestimates C=0 distances by 0.05
A. This in turn yields higher C=0 vibrational fre-
guencies not only in this complex but observed in
all B3LYP calculations.

BP86 1.154
B3LYP 1.139

Figure 2. Comparison of experimentally obtained structure
[27] of Rh(acac)(CO), to the calculated ones
on BP86/def2-TZVP and B3LYP/def2-TZVP levels of theory.
Values given in A

These 45 complexes give a total of 69 CO
vibrational frequencies resulting from the presence
of multiple carbonyl ligands in some of the com-
plexes. The test set of 45 molecules along with their
experimental and computed frequencies are given
in Table 1. Although all of the 45 complexes are
formal Rh(l) complexes, the carbonyl stretching
frequencies are in a range from 1920 to 2095 cm™*
thus spanning more than 170 cm™. This demon-
strates that the CO stretching frequencies are subtle
probes for the electron density at the central metal
atom which is determined by the steric and elec-
tronic effects of the ligands. The 69 experimental
frequencies are compared to the calculated ones
with the BP86 and B3LYP DFT functionals. Alt-
hough, it is known that the "exact" harmonic fre-
guencies will always be greater than the true fre-
guencies [28], our analysis shows that in the major-
ity of cases BP86 underestimates CO experimental
frequencies for the studied complexes. On the other
hand, B3LYP being a hybrid functional including
HF character, overshoots as expected in all of the
cases. To precisely estimate the accuracy of the
theoretical methods, the differences between the
calculated unscaled and the experimental values are
given in the 5" and 7" columns in Table 1 for
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BP86/def2-TZVP and B3LYP/def2-TZVP, respec- error for BP86 is 2.9% and 6.5% is for B3LYP. The
tively. We give the deviation from experiment as a  average absolute error is 1% for BP86 and 3.5% for
signed percentage error. The maximal absolute B3LYP.

Table 1. Set of molecules and the respective experimental and calculated C=0 frequencies used in this study. The
error of the calculated frequencies with respect to the experimental given as signed percent.

Structural 1 v(CO)
Molecular formula formula v(CO) [em™] [cm
Exp. BP86 Error % B3LYP Error %
1 2 3 4 5 6 7
CHs
o ot 2084 206449 094 21456 2.96
Rh(C0),00CsH- [29] SR
TN 2015 2001.52 —0.67 2084.8 3.46
CHs
N /0,.—_\c< 2068 2054.68 -0.64 2136.51 331
RhC14H14NO; [30] SR
S G N 2000 1992.98 -0.35 2075.39 3.77
CH3
o o 2070 205203  -0.87 213471 3.13
RhC1oH14NO; [30] >Rh< i "‘;>CH
o J:C\CH 2003 1983.27 -0.99 2064.68 3.08
oo, omc T 2065 205563 045  2137.52 351
RC15H12NOs [30] W
TR, 2005 199404  -0.55 2076.59 3.57
/CH3
H3P\Rh/0___—\i\CH
RhCy;H,sNO,P [30] o N/ 1976 1982.55 0.33 2061.85 4.34
\CH3
CHj
. N 2070 2038.87 -1.50 2163.11 4.50
cis-Rh(CO),(PhNH,)CI _r
30 7\
[30] oc”  HN—D) 2015 1969.44  -2.26 2085.53 3.50
oc\ ;SJ
Rh(CO)(S(C,Hs),).Cl R
31] /\5/ NS 1965 1958.35 -0.34 2034.45 3.53
N/
oc, Se
Rh(CO)(Se(C;Hs),),Cl v )
[31] ﬂie/ . 1961 1951.77 0.47 2028.31 3.43
)
ocC. Te
Rh(CO)(Te(CzHs)2).Cl e
[31] »{e/ . 1955 1948.97 -0.31 2021.33 3.39
OC, Cl
NI 2081 2067.71 —0.64 214957 3.30
Rh(CO),(2,6- /Rh\
CH3),CsHsNH,)CI [30
(CHa)2CeHaNHLICI 301 oo HZN@ 2010 1995.42 -0.73 2078.49 3.41
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Table 1. (Continuation)

1 2 3 4 5 6 7
°°\ /C' 2060 2044 -0.78 2158.58 4.79
Rh(CO)z(n'C3H7NH2)CI RH
30
[30] oc EN—/\ 1985 1971.73 -0.67 2080.96 483
— oc o 2095 2067.21 -1.33 2149.03 2.58
2\M° Rh
CH3C¢H,NH,)CI [30 7N
SCHNHICIIS0L o v 2035 1994.39 —2.00 2077.05 2.07
ocC Cl
. L AN 2089 2052.55 ~1.74 2168.93 3.83
cis-Rh(CO),(Pyridine)Cl /Rh\
32
[32] oC N.: 2005 1983.67 -1.06 2091.77 4.33
Q o
P, Cl
i A4
trans-RN(CO)CIPPhs), & s ja) 1965 196409  -0.05  2037.99 371
33
[33] oc” ©\/p\©
ocC Cl
Rh/ 2088 2066.26 ~1.04 2147.93 2.87
Cis-Rh(CO),(DMBAYCT N\ | _Q
[32] oc N
| 2004 1983.92 ~1.00 2067.17 3.15
_ NI 2096 2060.37  -1.70 2147.7 247
cis-Rh(CO),(PEt,Ph)CI R(
[32] oc/ \P—Q
) 2009 1988.11 ~1.04 2068.04 2.94
cis- °°\Rh ¢ 2090 2069.95 -0.96 2151.28 2.93
Rh(CO),(PhCH,CN)Cl o N,
[32] 2038 2001.77 -1.78 2083.23 2.22
OoC Cl
cis-Rh(CO)(ELNICI \Rh/ 2090 2037.96 -2.49 2140.89 2.43
1S- 20El3
32 7NN
[32] oc N
( 2002 1967.37 ~1.73 2067.28 3.26
] e o 2090 2071.54 -0.88 2152.83 3.01
cis-Rh(CO),(CHCN)CI N/
[32] /Rh\
o “n=c— 2020 2002.26 -0.88 2083.81 3.16
_ RN 2094 206339  -1.46 215151 2.75
cis-Rh(CO),(PMe,Ph)CI /Rh\@
34
[34] oc” R 2003 1987.41 -0.78 2066.57 3.17
PEts
HRh(CO)(PEts); [35] EteP—th’\ 1952 1970.29 0.94 2020.49 351
PEt,
cOo
Qo
P. OH
trans- ©/ \Rh/
Rh(CO)([(;EI;]D(PPhg)z o’ @\/Pé 1948 1965.54 0.90 2050.52 5.26
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Table 1. (Continuation)

1 2 3 4 5 6 7
FsC
OC\ CF,
Rh(CzF“H[),o,(g]O)(PPm)Z QA 1995 197514  -1.00 205473 2.99
P P,
o ©
FaC\C)\P/@CFBCI
- N
Ehp(cé').ﬂcﬁ)(?é% & o 1985 1974.2 054 2049.34 3.24
3\%v6114)3)2 oc P!
F3C©/ \QCF
ocC Cl
cis-Rh(CO)(PPh)Cl Ny 2093 2061.82 149  2149.03 2.68
- 2 3
[32] o’ -0
é) 2009 1987.26  -1.08  2068.04 2.94
L 2005 2015.03 0.50 2101.14 4.80
Rh(C,F4H)(CO)2(PPhs), [ s
[36] OC—Rh\\\
| Nper, 1958 1963.6 0.29 2047.14 4.55
CcO
oC Cl
(COBPPRMEC] o 2092 2062.68 ~1.40 2150.73 2.81
cis-R »(PPh,Me |
[32] oc/ \P—@
é 2008 1985.5 112 2064.73 2.83
OC\R/CI 2084 2059.62 -1.17 2138.03 2.59
(PhP)ORN(CO).CI [32] ./ \O_Ef 5
& 2007 1988.04  -0.85 207021 3.25
oC
_ N
cs 'Rh(Ph[é(GC]O)(PPhQZ QAN P 1978 195464 118  2033.98 2.83
P
& ©
oC /CI
C'S'Rh(c%(]:'(PPHS)Z Q_M » 2010 200827 009  2089.84 397
P
o ®
Rh(CON(PPho(S } 1975 1947.47  -139  2026.93 2.63
2 3)2(oN | e
CH 39 (C4HolP—RNY
(CH)s) [39] N 1930 191922 056  1993.34 3.28
HRhCO(P(n-Butyl —-
(P(n-Butyl)s)s | PP 1960 1966.06 0.31 2016.4 2.88
[35] OC——Rh,
co PPh;
trans-
RR(CO)CIPMePR), 2
[34] N 1964 1960.4 018  2092.26 6.53
OC/d\P\/\
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Table 1. (Continuation)

1 2 3 4 5 6 7
CHF,
F2C PPhs
Rh(C,F4H)(CO)(SO,)(P R 2055 2008.67 -2.25 2096.07 2.00
Phs), [36] 2
¢o PPh;
trans-Rh(CO)CIP(-  ~ "\ 1040 197767 194  2059.15 6.14
CsHy)3)2 [35] N ' ' ' '
X0
HRh(CO[é%F;thMek @—T—jﬁ\b/ 1968 201585 243 206647 500
co ép\@
>CH2 1990 197679 066  2060.47 3.54
Rh(COEL)(CO),(PPh o7 PP
( )[(36] )2(PPhs), OC_th\\\\
. 1943 192852 075  2008.32 3.36
co 3
oC Cl
_ _ N 2086 204294 206 215556 3.33
cis-Rh(CO),(iso- RH
CaH/NH,)CI [30 \
sHNH)CI[30] oc”  H;N~CH 2030 19712 290  2079.02 2.41
- i- P)\
trans gﬁ%?)(gg'])(':(' <\ 1920 194459 128 202848 565
3117)3)2 OC/ \P)\
Y
Rh(CO)Diphos)Cl [32] &\ (O 2010 200484 026 208962 3.96
o O
QL
trans-Rh(CO)I(PPhs), & o 1982 199059 043 207163 4.5
[35] o N\
h(COPICOL P O=C/© 1980 197721  -014 20623 4.16
2 3)2 PPN
[36] oc—th\\\\\
| oo, 1945 19268  -0.94  200.68 333
N 2050 205235 ~ -0.32  2170.82 5.43
Cis-RN(CO),(CsHisNO) R
CI[30] OC/\n,\>NN
I 1994 198179  —061  2090.84 4.86
HRN(CO)(PPy); [35]  mmp—rty 2035 201154  -115 206354 1.40

co PPhy

Tpunosu, Ogg. ipup. maiu. buoiuex. nayku, MAHY, 38 (1), 43-56 (2017)



50 E. Kohls, M. Stein

Table 1. (Continuation)

1 2 3 4 5 6 7
o 1
HRh(CO)(PPhEL,)s [35] j—R\ﬁ\P/_ 1970 197301 015  2026.18 2,85
CcOo
J

The correlation between the experimental set
of data and the two calculated sets of data was es-
timated and the fitting to a linear function shows a
slope close to 6/8 for the BP86 values and a slope

of 7/8 for the B3LYP values (Figure 3). This con-
firms the slightly better linear correlation of
B3LYP to experiment in comparison with BP86
which was also observed in other studies [40].

+ +
= 2160 - VI
£
S,
8 2110 A y=0,87x+ 337,10
=
g
£ 2060 -
I
° +
=0,77x + 454
£ 2010 1 — .Y 0.77x + 454,66
S + R =0,87
K=
+
S 1960 1
2 +
© ++
2 1910 u . , |
> 1910 1960 2010 2060

Experimental Fundamentals [cm]

Figure 3. Comparison of experimental CO stretching frequencies for 45 Rh(l) complexes and computed
with BP86/def2-TZVP (blue) and B3LYP/def2-TZVP (red) ones.

Using the experimental and calculated values
from Table 1, vibrational frequency scaling factors
for the both of the DFT methods were determined
by minimizing the sum of the square of the errors
(Equation (1)):

Avib=¥; (A(CO)w;(CO) —v;(CON?, (1)
where w;(CO) is the i-th calculated CO harmonic
stretching frequency on the respective level of theo-
ry, whereas v;(CO) is the corresponding experi-

mental fundamental carbonyl stretching frequency.
The frequencies are given in cm ™. The minimized

residual for each analysed frequency was calculated
as:

Amin= (A(CO)w;(CO) —v;(CO)?*  (2)

A(CO) is the scaling factor for carbonyl frequencies
given by:

2 wi(CO)v;(CO)

L L 3

Y (w;(CO))? @)

Vibrational scaling factors of 1.0074 and
0.9662 were obtained for BP86/def2-TZVP and
B3LYP/def2-TZVP, respectively. The results are
summarized in Table 2.

A(CO) =

Table 2. Frequency scaling factors derived for CO stretching vibrations and corresponding RMSE values

RMSE before scaling/cm™

RMSE after scaling/cm™

Method Scale factor
BP86/def2-TZVP 1.0074
B3LYP/def2-TZVP 0.9662

24.03
72.99

18.85
18.80
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The root mean squared error (RMSE) for
both of the methods is calculated as a single meas-
ure of accuracy according to Equation (4). The
values for the RMSE before and after scaling are
presented along with the scaling factors in Table 2.

RMSE = (2111 Amin/nall)l/2 (4)

where n is the number of all analysed frequencies.

Before scaling, BP86 shows RMSE of 24 cm™
which is three times smaller than the RMSE for
B3LYP (73 cm). After the scaling, a RMSE of
18.8 cm* was obtained for both methods.

Our scaling factors are in line with those
from Assefa et al. of 1.012 and 0.968 for
BP86/def2-TZVP and B3LYP/def2-TZVP, respec-
tively. These scaling factors were derived for dif-
ferent transition metal homoleptic carbonyl com-
plexes but not for Rh complexes [16].

To better illustrate the effect of the scaling,
the distribution of the deviations from experiment
before and after scaling is shown in Figure 4. It can
be seen that the unscaled B3LYP values are signifi-
cantly dispersed around the experimental values
(more than one third of the B3LYP errors are larger

than 70 cm™) and using unscaled B3LYP frequen-
cies can lead to possible difficulties in the interpre-
tation or to misinterpretation of the experimental
spectra. On the other hand, BP86 frequencies can
even be used without scaling considering that they
only might be slightly lower than the experimental
ones. After scaling, both methods are equally good
in reproducing the experimental CO frequencies.
Kershawani et al. were the first to derive a
vibrational scaling factor for the Weigend-Ahlrichs
basis sets for a benchmark set of small organic
molecules [41]. Amongst others, they investigated
the convergence of accuracy of calculated vibra-
tional frequencies with basis set size. They obtained
a RMSE for the BP86 exchange-correlation func-
tional after scaling using SVP (38 cm™), def2-
TZVP (26 cm™), def2-TZVPD (25 cm™), def2-
TZVPP (24 cm™) to an extrapolated basis set limit
CBSB7 (30 cm™). For B3LYP, the RMSEs were
SVP (39 cm™), def2-TZVP (27 cm™Y), def2-TZVPD
(27 cm™), def2-TZVPP (26 cm™) and CBSB7 (30
cm ™). This demonstrates the appropriateness of the
def2-TZVP basis set for calculation vibrational
frequencies. A larger basis set does not necessarily
improve the accuracy of calculated frequencies.

30
25 H
20 A m
5 : m BPS6
3 15 A :
© mB3LYP
10 3 BP86_scaled
B3LYP_scaled

Deviation from Experiment [cm]

Figure 4. Histogram of CO stretching frequency differences between computed harmonics and observed fundamentals
for unscaled and scaled BP86/def2-TZVP (blue) and B3LYP/def2-TZVP (red) level of theory.
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One of the major concerns with quantum
chemically calculated vibrational frequencies is the
use of the rigid rotor harmonic oscillator (RRHO)
approximation. For small molecules, the calculation
of accurate anharmonic force fields is a practical
option, see for example [42], but this becomes not
feasible for larger molecules. For Ni(CO),, for ex-
ample, the estimated anharmonicity constants from
isotope experiments are between -3 and —11 cm™*
[43] and would bring calculated frequencies in even
closer agreement with experiments. The use of a
simple vibrational scaling factor aims to correct for
(i) inherent deficiencies of the electronic structure
methods, and (ii) the potential energy surface to be
not harmonic.

In order to illustrate the usefulness of vibra-
tional scaling factors on practical examples, we
have chosen two Rh(l) catalyst complexes to assign
experimental IR spectra.

H

3 |
< "Rh——cO

4

P
co

1900

1950

2000 2050 2100

HRh(BiPhePhos)(CO), is a saturated 18-
electron species with a trigonal bipyramidal structure
and is supposed to give rise to a 3 bands pattern in the
carbonyl stretching region. HRh(BiPhePhos)(CO), is
the "resting state" or "pre-catalyst” prior to hydro-
formlylation of long chain olefins. The “resting state”
is activated by dissociation of one of the CO ligands.
The bidentate phosphite ligand can coordinate around
the Rh central atom in two different ways: the two
phosphorous atoms may occupy two equatorial (e,e)
positions or one equatorial and one axial (e,a). The
equatorial-equatorial positioning can be discriminated
from the equatorial-axial one according to the pattern
in the carbonyl region originating from the two car-
bonyl groups and the hydride in the complex as
shown in Figure 5. The comparison of both calculated
spectra to the experimental one (compare Figures 5
and 6) led to successful assignment of the structure to
the e,e configuration.

1900

1950

2000 2050 2100

Figure 5. Two isomeric forms of a hydrido-dicarbonyl complex containing a bidentate ligand (HRh(BPP)(CO),) and their
respective calculated IR spectra. Left: equatorial-equatorial (e,e) positioning. Right: equatorial-axial (e,a) positioning.
Values are given incm ™.

HRh(BPP)(CO),

BP&6/def2-TZVP

B3LYP/def2-TZVP

1900 1950 2000 2050 2100

Figure 6. Comparison of the experimental spectrum of
HRh(BPP)(CO).,e,e and the spectra predicted by two DFT

functionals using the vibrational scaling factors derived in
this study. Values are given in cm ™.

Figure 6 shows the experimental spectrum of
this complex compared to the DFT calculated spec-
tra for the e,e isomer. The weak absorption at 1993
cm* and the shoulder at 2033 cm™ were assigned
to a small moiety of the e,a isomer present in the
mixture in the original work [44]. The weak ab-
sorption below 2000 cm™ is commonly identified
as Rh—H stretch. Nevertheless, such a band was not
assigned in the original study. By means of first
principles, we can thus reliably assign the vibra-
tional peak. All three bands seen in the calculated
spectra originate from coupling of the two Rh—-CO
and one Rh—H vibrational modes.

The calculated spectra are in good agreement
with the experimental spectrum for both of the
functionals in terms of peak positioning and, addi-
tionally, correctly reproduce the relative absorption
intensities with the lower frequency band to be
more intense. The exact position of the bands and
the deviations from experiment are summarized in
Table 3. The absolute deviation of 0.6 % (taken as
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arithmetic mean for both of the bands) for the un-
scaled values reduces to 0.2 % for BP86 and the
deviation of 2.8 % for B3LYP reduces to 0.6 %.

Scaling CO stretches by uniform scaling pa-
rameters (applicable to the entire IR range) can lead to
even larger deviations instead of correcting them. In
this example, applying the global scaling factors of
1.0337 and 1.0044 for BP86/def2-TZVP and
B3LYP/def2-TZVP respectively, derived by Keshar-
wani et al. [12] will blueshift both BP86 and B3LYP
frequencies (Table 3). For BP86 it will be too high
blueshifted than necessary (increase of the absolute
deviation from 0.6 to 2.8 %) and for B3LYP no
blueshifting is needed in the first place, but redshifting
(increase of the absolute error from 2.8 to 3.3 %). This
can be misleading for organometallic chemists who
rely on the carbonyl spectral range in identifying car-
bonyl containing intermediates.

We bring a further example, HRh(SX)(CO)..
The electron richer SulfoXantPhos (SX) ligand has

the effect of weakening the C=0 bond and redshift-
ing its frequencies in comparison to its analogue
BiPhePhos. The experimental [45] and the calculat-
ed frequencies for the e,e isomer of HRh(SX)(CO),
are given in Table 3. The higher vibration at 2032
cm™ is one of the rare examples where BP86 yields
a higher value than the experimental. Thus, scaling
this frequency increases the deviation from experi-
ment. This vibration originates from a coupled
stretching motion of the axial hydride and axial
carbonyl ligand. Given that the experiment was
performed at a high pressure of CO and H, (HP-
IR), we suggest that this vibration is most sensitive
to increase in pressure. At high pressure, the Rh-H
bond decreases in distance, the metal becomes
more electron rich and this leads to a lower than
expected C=0 vibration. Nevertheless, the low
frequency after scaling deviates only 1 cm™ from
the experimental value.

Table 3. Experimental and calculated CO frequencies and their absolute deviations for HRh(BPP)(CO), and
HRh(SX)(CO),. 3" and 6" column — raw calculated frequencies; 4™ and 7" column — scaled by the scale factors (sf)
derived in this study; 5" and 8" column — scaled by a uniform scale factors.

BP86 B3LYP
Exp BPS6 BP86 sc_aled by B3LYP B3LYP sc_aled by
scaled uniform sf scaled uniform sf
[12] [12]
HRh(BPP)(CO), [37]
v(CO) [cm ] 2071 2063 2078 2133 2129 2057 2138
2015 1999 2013 2066 2073 2003 2082
Av(CO) [em ] 8 7 62 58 14 67
16 2 51 58 12 67
[HRh(SX)(CO),]* [38]
v(CO) [cm 1] 2032 2041 2056 2109 2102 2031 2111
1967 1951 1966 2017 2011 1943 2020
Av(CO) [em ] 9 24 77 70 1 79
16 1 50 44 24 53

CONCLUSIONS

We derived vibrational scaling factors from a
data set of 45 Rh(l) carbonyl complexes. Two rep-
resentative DFT functionals (BP86 and B3LYP)
were used. For reliable interpretation of experi-
mental IR spectra, scaling of the frequencies by the
here presented scale parameters for both of the
methods is necessary. Global scaling factors found
in literature are not recommended to be used for
CO stretches in transition metal carbonyl complex-
es. If necessary, at least scaling factors for high
frequencies should be employed. Comparing the
computational times of both of the methods, BP86

is shown to be much more attractive requiring
much less computational time and providing better
accuracy without and same accuracy after scaling.
As shown before [16] the scaling factors vary insig-
nificantly with the basis set, which makes our de-
rived scale factors also applicable to other basis sets.
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BUBPAIITMUOHU CKAJIMPAYKUN ®AKTOPHU 3A Rh(l) KAPBOHUJIHU COEJUHEHUJA

BO XOMOTI'EHATA KATAJIM3A

Emilija Kohls’, Matthias Stein

Max Planck Institute for Dynamics of Complex Technical Systems,
Molecular Simulations and Design Group, Magdeburg, Germany

Mertan KapOOHMJIHHTE KOMIUIEKCH CE€ BaXXHO CEMEJCTBO Ha KaTaJM3aTOPH BO XOMOTCHUTE WHIyCTPUCKH
npouecH. HUBHUTE KapaKTepUCTUYHM BHOPALIMOHU (DPEKBEHIIMH OBO3MOXKYBAaT iN Situ cieneme Ha KaTaIUTHYKHOT
nporpec. CTPYKTYpHOTO acWUTHHpame Ha HHTEPMEIMEPU € YEeCTO OTEKHATO IOpagu HEJOCTHI Ha pedepeHTH
coenuHenuja. [Ipecmerkute Ab iniCio Ha kapOOHUIHUTE BHOpaLMOHM (PEKBEHLMH HyIAT aNTepHATHBHA anaTKa 3a
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uneHTnUKalMja Ha peakTUBHU MHTepMeauepy. Ckanupadku (GakTopu 3a KOMIYTEpCKH NMPEeCMETaHW KapOOHMIHH
BAICHTHH (QpEeKBeHIMH Oea H3BENECHUM OJ ceT onx 45 KapOOHMJIHM KOMIUIEKCH Ha POJUYM KOPHUCTEjKH TH
¢yakunonamure BP86 m B3LYP. CucremarnynoTro ckanmpame Ha npecmeranure C=0 (pexkBEeHIHN OBO3MOXKH
BEPOJOCTOjHO TpEABHAYBalE€ M aCHTHHpame Ha ekcrepuMeHTamHuTe BpenHoctd Ha V(CO). OBme BUOpannoHn
CKaJIMpadyku (haKTOPH MOXKaT Ja IMOCHIYXaT 3a MACHTU(HKAIMja Ha PEaKUMOHH HWHTEPMEIHEPH BO HHIYCTPUCKU
peneBaHTHATA peakidja Ha XuApopopMIUIayja KaTadu3upaHa cO pOIMYMOBH KOMIUIEKCH. AIICONyTHATa JEBHjaIija
noMmery MpecMeTaHHTe U SKCIEPHMEHTAIHUTE CHEKTpU Oellle 3HAYMTEeNTHO HAMaJeHa M eKCIEPUMEHTAIHH CIIEKTPH
0ea yCIeIHO aCHTHUPaHH.

Kayuynu 300poBu: wuH(panpBeHa CIEKTPOCKONHja; BHOPAIMOHM CKaJIMpadku (aKkTOpH; KapOOHWIHU
KOMIUIEKCH Ha POAMYM; XUApo(hOopMmIanyja; Teoprja Ha GpyHkunonan ox rycruna (JADdT)
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