Orientation of trimethylolethane cyclic phosphite in rhodium complexes: structure of

[Rh(CH3;COCHCOCH;)(CO)(P(OCH,);CCH3)]

Petrus H.van Rooyen,b Jeanet Conradie™*

* Department of Chemistry, PO Box 339, University of the Free State, 9300 Bloemfontein, Republic
of South Africa.

b Department of Chemistry, University of Pretoria, Private Bag X20, Hatfield, 0028, South Africa.

*Contact author details:
Name: Jeanet Conradie
Tel: +27-51-4012194
Fax: +27-51-44017295

e-mail: conradj@ufs.ac.za

Keywords

Rhodium; B-Diketone; Structure; DFT; Cyclic phosphite

Graphical abstract

CO

Synopsis

P(OCH,;);CCHj rotation and orientation in [Rh(CH;COCHCOCH;3)(CO)(P(OCH,);CCH3)].



Highlights

P(OCH,);CCHj; containing Rh complexes

P(OCH,;);CCHj rotation and orientation

Crystal structure of [Rh(CH;COCHCOCH;3)(CO)(P(OCH,);CCH3)] (1)

Conformational preference of P(OCH,);CCHj in (1)

Abstract

Density functional theory calculations showed that rotation of the (P(OCH,);CCHj3) group in the
rhodium-acetylacetonato complex [Rh(acac)(CO)(P(OCH,);CCH3)] has a negligible influence on
the energy of the complex. Density functional theory calculations further showed that the minimum
energy orientation of the cyclic (P(OCH,);CCHs) group in square planar rhodium-
(P(OCH,);CCHj3)-(CO) complexes containing a bidentate ligand that is larger than the
acetylacetonato ligand, is with one of the P-O bonds near parallel (within 10°) to the plane defined
by the four atoms coordinated to Rh. The three P-O bonds of the rigid (P(OCH,);CCHj3) group
adopt a Cs3-symmetrical conformation around the Rh-P axis. The lowest energy geometry of
[Rh(BID)(CO)(P(OCH,)sCCHj3)] (BID = bidentate ligand with two O donor atoms and charge -1)
complexes is where one P-O bond is aligned near parallel to the Rh-Ogip /a5 10 co bond, while the
geometry with a P-O bond orientated near parallel to the Rh-Cco bond, is slightly higher in energy,
but still possible experimentally. The highest energy orientation of the (P(OCH;);CCHj3) group in
square planar [Rh(BID)(CO)(P(OCH,);CCHj3)] complexes, is with one of the P-O bonds near
perpendicular to the plane described by the four atoms coordinated to Rh. The orientation of the
cyclic (P(OCH,);CCHs;) group in available experimental structures of square planar [Rh(BID)(CO)
(P(OCH,;)3;CCHj3)] complexes, confirms this finding.

1 Introduction

Rhodium complexes are often used as catalysts in industrial processes. Probably the most
well-known and most cited industrial process using a rhodium catalyst, is the Monsanto process of
manufacturing acetic acid by the catalytic carbonylation of methanol [1]. The global acetic acid
market is very important, since it is a precursor for the manufacturing of various other chemicals
(e.g. monochloroacetic acid, camphor, diketene and photographic chemicals) that are intermediates
for various end user industries, such as textiles, inks, coatings, rubbers, greases, plastics, adhesives,
sealants and others. The global acetic acid market was valued at more than 14 000 Kilotons in 2014
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[2,3]. The original acetic acid manufacturing process was developed in 1960 by the German
chemical company BASF. During this process acetic acid is formed from methanol and carbon
monoxide, with co-catalysts of cobalt and iodide, at conditions of 300 °C and 700 atmosphere. In
1966 the Monsanto Company improved the experimental conditions by using a new catalyst system
of rhodium/iodide ion co-catalysts that operate at milder conditions of 150 - 200 °C and 30 - 60
atmosphere. The Monsanto Company commercialised this process in 1970. Currently, the acetic
acid manufacturing process has largely been substituted by the Cativa process which uses a similar,
though more economical and environmentally friendly, iridium-based process, developed by BP
Chemicals Ltd [4,5]. However, the former harsh conditions of the manufacturing process still
spurred researchers on to search for new catalysts which work under milder conditions. The design
of catalysts specifically focused on designing ligands which would increase the electron density at
the metal, in order to promote oxidative addition reaction of methyl iodide to the catalyst, which is
the rate-determining step of the rhodium-based catalytic cycle. One class of ligands which proved
to be highly active carbonylation catalysts when coordinated to Rh(I) complexes, are phosphorous-
containing ligands, due to their good c-donor properties and their n-capability [6]. For example,
trialkylphosphines-rhodium complexes leads to a more electron-rich rhodium centre such as the
catalyst precursor [Rh(PEt;),(CO)CI] that catalyses the carbonylation of methanol to form acetic
acid at a rate nearly twice as high as that of [Rh(CO),I,]” [7,8]. P-diketonato ligands containing
electron donating substituents, as well as tertiary phosphines and phosphites, proved to increase the
rate of oxidative addition of methyl iodide to complexes of the type [Rh(B-diketonato)(CO)(PPh;)]
[9,10,11,12], [Rh(B-diketonato)(P(OPh)3),] [13,14,15] and also [Rh(B-
diketonato)(CO)(P(OCH,);CCHj3)] [16,17,18].  The rhodium-f-diketonato-phosphite complex
[Rh(acac)(CO)(P(OCH,)sCCH3)], oxidatively adds methyl iodide ca 300 times faster than the
Monsanto catalyst, while the next step in the catalytic cycle, the carbonyl insertion step, is of the
same order than the rate-determining oxidative addition step of iodomethane to [Rh(CO),I,] [19].
The optimization of the catalytic activity of a catalyst often focuses on modifications of the primary
coordination sphere of the metal, by improving the electronic and steric properties of the ligands
that are coordinated to the metal centre [20]. An understanding of the conformational preferences
of tertiary phosphine-containing complexes is important for the development of improved catalysts.
We previously reported on the conformational preferences of triphenylphosphine in square planar
organometallic complexes [21], as well as on the conformational preferences of the PR groups
diphenyl-2-pyridylphoshine and triphenylphosphine in square planar [Rh(f-diketonato)(CO)(PR3)]
complexes [22,23,24]. We were interested to determine whether the trimethylolethane cyclic
phosphite group also exhibits a conformational preference when coordinated to square planar

rhodium complexes.



In this contribution we thus present a combined density functional and solid state crystal
structure  study of the P-diketonato- as well as phosphite-containing complex
[Rh(acac)(CO)(P(OCH,);CCHs;)], (1), (Hacac = CH;COCH,COCH; = acetylacetone). Special focus
will be given on the orientation of the tertiary phosphite group in complex (1) and related rhodium
complexes that also contain a bidentate ligand, namely dbm (dibenzoylmethanato) in complex (2)

[25], or cupf (N-aryl-N-nitrosohydroxylaminato) in complexes (3) [26] and (4) [27], see Scheme 1.
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Scheme 1: The  phosphite-containing  rhodium  complexes  of  this  study:
[Rh'(acac)(CO)(P(OCH,);CCH3)] 1), [Rh'(dbm)(CO)(P(OCH,);CCH3)] (Hdbm =
dibenzoylmethane) (2) [25], [Rhl(cupf)(CO)(P(OCH2)3CCH3)] (cupf = N-aryl-N-
nitrosohydroxylaminato) (3) [26] and [Rh™(cupf)(COCH3)(I))(P(OCH,);CCH3)] (4) [27].

2 Experimental

2.1 Synthesis

[Rh(acac)(CO)(P(OCH,);CCH3)] (1),was synthesized as described previously [19], from
[Rh(acac)(CO),] (dicarbonyl(acetylacetonato)-rhodium(I)) [28], and P(OCH,);CCHj3, (4-methyl-
2,6,7-trioxa-1-phosphabicyclo[2.2.2]octane or trimethylolethane cyclic phosphite) [29].

2.2 Crystal structure analysis

Data for the crystals, obtained from solutions in hexane, were collected on a Bruker D8
Venture kappa geometry diffractometer, with duo Ius sources, a Photon 100 CMOS detector and

APEX 1II [30] control software, using Quazar multi-layer optics monochromated, Mo-Ka radiation
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by means of a combination of ¢ and ® scans. Data reduction was performed, using SAINT+ [30]
and the intensities were corrected for absorption, using SADABS [30]. The structure was solved by
intrinsic phasing, using SHELXTS and refined by full-matrix least squares, using SHELXTL + [31]
and SHELXL-2013+ [31]. In the structure refinement, all hydrogen atoms were included in
experimental positions determined from successive electron difference maps, and refined without
any restrictions but with a common isotropic thermal parameter. All non-hydrogen atoms were
refined with anisotropic displacement parameters. Crystal data and structural refinement parameters

are given in the electronic supplementary information.

2.3 Density functional theory (DFT) calculations

Density functional theory (DFT) calculations were carried out, using the ADF (Amsterdam
Density Functional) 2013 programme [32] with the PW91 (Perdew-Wang 1991) [33] GGA
(Generalized Gradient Approximation) functional. The TZP (Triple { polarized) basis set, with a
fine mesh for numerical integration and full geometry optimization, applying tight convergence

criteria, was used for minimum energy searches.

3 Results and Discussion

3.1 X-ray structure

Perspective drawings [34] of the molecular structure of one of the two molecules of
[Rh(acac)(CO)(P(OCH,);CCH3)], (1), in the asymmetric unit, showing the -crystallographic
numbering scheme used, are presented in Figure 1. Table 2 gives selected geometrical parameters
of [Rh(acac)(CO)(P(OCH;);CCHs)], (1), and related Rh-(P(OCH,);CCH3) complexes (2) [25], (3)
[26] and (4) [27]. A summary of some of the important crystal data is as follows: Empirical
formula: Cy; Hjg Og P Rh; monoclinic space group: C ,/c; unit cell dimensions: a = 30.358(16), b =
14.838(7) , ¢ = 13.156(6) A, B = 105.01(2)°; volume = 5724(5) A’; Z = 16; crystal size = 0.325 x
0.223 x 0.101 mm3; theta range for data collection 2.348 to 28.315°; independent reflections = 7106
[R(int) = 0.0442]; completeness to theta = 25.242° = 99.9 %; data / restraints / parameters = 7106 /
0/ 440; goodness-of-fit on F = 1.062; final R indices [I>2sigma(I)] : R1 = 0.0180, wR2 = 0.0396;
R indices (all data): R1 =0.0229, wR2 = 0.0411; largest diff. peak and hole = 0.380 and -0.497 e A
. The complete crystal data and structure refinement details of (1) are given in the Supporting

Information.



There are four weak intermolecular hydrogen bonds observed in the crystallographic
packing of (1) (see data in Table 1): O1---H2B, 02---H31A, O3---H23A and O25---H9B at
distances varying between 2.60(2) and 2.63(2) A respectively. However, the A---H—D angle for
O1---H2B—C2 at 113.0(15) is significantly more non-linear than the other contact angles that vary
between 144.7(17) and 155.3(18), suggesting that the latter three contacts are mainly responsible for
the packing in the solid state.

Table 1: Hydrogen bonds observed in the crystallographic packing of
[Rh(acac)(CO)(P(OCH;);CCH3)] (1):

Atoms Distance Angle / °

A-—-H—D A-—H/A A-—-H—D
O1---H2B—C2 2.62(2) 113.0(15)
02---H31A—C31 2.60(2) 152.1 (18)
03---H23A—C23 2.63(2) 144.7(17)
025---H9B—C9 2.60(2) 155.3(18)

In addition, there are two H-atoms interacting in a perpendicular orientation with the & sytems in the
acac units: the C-H...ring centroid distances observed for H29A---ringl (Rh1-O4-C5-C6-05) and
H29B---ring2 (Rh21-024-C25-C26-025) are 2.60(2) and 2.63 (2) A, respectively. See Figure S1 in

the Supporting Information for a packing diagram of (1).

The dihedral angle Ogcac srans 1o co-Rh-P-O, reflects the orientation of the trimethylolethane
cyclic phosphite group (P(OCH,);CCH3). As such, the O4-Rh1-P1-O3 and 023-Rh21-P21-023
dihedral angles of the two molecules in the asymmetric unit of (1), are very similar, namely -

24.32(7)° and -33.19(7)°, respectively; see Figure 2.



Figure 1: A perspective drawing of the molecular structure of one of the two molecules in the
asymmetric unit of [Rh(acac)(CO)(P(OCH;);CCHj3)] (1), showing the atom numbering scheme.

Atomic displacement parameters (ADPs) are shown at the 50 % probability level.

Figure 2: A perspective view of the orientation of the overlapped two molecules of
[Rh(acac)(CO)(P(OCH,);CCHs3)] (1), viewed along the P-Rh bond. Hydrogen atoms were omitted

for clarity.



Table 2: Selected geometric parameters for [Rh(acac)(CO)(P(OCH,);CCH3)] (1) and related [Rh(BID)(CO)(P(OCH;);CCHj3)] (BID = bidentate ligand

with two O donor atoms and charge -1) complexes.

Distance in A

Complex Rh-Cooor  RB-O =h0 Dihedral angle CCDC Reference
Rh-P phCuy  (ransPorl) (irans CO) OBID trans 10 con-Rh-P-O code
[Rh(acac)(CO)(P(OCH,);CCHs)], (1).molecule 1 2.178 1.829 2.069 2.045 24.32(7) this study _ this study
[Rh(acac)(CO)(P(OCH,);CCH,)], (1), molecule 2 2.178  1.830 2.069 2.050 -33.19(7) this study  this study
[Rh(dbm)(CO)(P(OCH,);CCHa)], (2) 2169  1.803 2.060 2.031 -10.7(2) NUTKOC 25
[Rh(cupf)(CO)(P(OCH,);CCH,)], (3) 2156 1772 2.026 2.059 -179.3(3) TANLUP 26
[Rh(cupf)(COCHs)(I))(P(OCH,);CCHj)], (4) 2.186  2.039 2.043 2.053 -34.7(3); +34.7(3) DUIZOY 27




3.2 Computational chemistry study

To evaluate the preferred minimum energy orientation of the trimethylolethane cyclic phosphite
group (P(OCH,);CCHj3) in complexes (1)-(4), a potential energy scan (PES) of the rotation of
(P(OCH,);CCH3;) around the Rh-P bond in each of the complexes (1)-(4) was determined; see
Figure 3. The three P-O bonds of the rigid (P(OCH,);CCH3) group adopt a Cs-symmetrical
conformation around the Rh-P axis and therefore the PES scan is repeated after a rotation of 120°.
From the PES it is clear that rotation of the cyclic (P(OCH,);CCH3) group has a negligible
influence on the energy of square-planar complex (1), since the difference between the maximum
and minimum energy during the PES for (1) is only 0.005 eV. This small energy difference implies
that the (P(OCH,);CCHj3) group could virtually adopt any orientation in (1), including the two
slightly different orientations of the (P(OCH,);CCHj3) group in the experimental structure of
molecule 1 and molecule 2 of complex (1); see Figure 4 (a). The orientation of the
(P(OCH,)3CCH3) group in the optimized geometries (using strict convergence parameters) of the
maximum and minimum energy orientations of the (P(OCH;);CCHj3) group in complex (1), with a
negligible energy difference of 0.001 eV, is illustrated in Figure 4 (b). The minimum energy
orientation of the (P(OCH,);CCH3) group in complex (1) can be described by one of the P-O bonds
near parallel to the plane (orientation 1 with dihedral angle O,cac trans 10 co-Rh-P-O = 5°, should be 0°
for exactly parallel) through the four atoms coordinated to Rh. The high energy orientation is when
one of the P-O bonds is near perpendicular to the plane through the four atoms coordinated to Rh
(orientation 2 with the three dihedral angles O,cac srans o co-Rh-P-O = 34°, 85° and 155°, should be
45°, 90° and 135°, respectively, for exactly perpendicular), as shown in in Figure 4 (b) and

illustrated in Scheme 2.
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Figure 3: PES of the rotation of the cyclic (P(OCH,);CCHs) group around the Rh-P bond (as a
function of the dihedral angle, Ogp rans 1o con-Rh-P-O) in complexes (1)-(4).
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Scheme 2: Orientations of the cyclic (P(OCH,);CCH3) group in square-planar (SQP) [Rh(BID)
(CO)(P(OCH,;);CCH3)] (BID = bidentate ligand with two O donor atoms and charge -1) complexes.
The dotted blue quadrilateral indicates a plane perpendicular to the square plane through the

complex.

(a) Exp molecule 1 of (1) Exp molecule 2 of (1):

cac
EEEEER

6=33.2°

(b) DFT optimized
(0OeV-lowE)

DFT optimized
(0.001 €V - higher E)

Orientation 1 — low energy Orientation 2 — high energy

Figure 4: (a) Experimental (two molecules in the asymmetric unit of complex (1)) and (b) DFT
(PWOI/TZP) optimized geometries of complex (1), viewed along the P-Rh bond with POs in the
front and (OC)Rh(O,c,c) at the back (selected atoms removed for clarity). 0 = dihedral angle Opc,c

wans 1o co-Rh-P-O. The blue dotted lines show vertical and horizontal planes. Colour code (online

version): Rh (green), O (red), P (orange), C (black), O (white).

The energy barrier of rotation of group (P(OCH,);CCHj3) in the square-planar complex (3), where
one phenyl group is attached to the backbone of the cupf-bidentate ligand coordinated to rhodium,
11



is slightly higher than that of (1), namely 0.016 eV, while that of square-planar complex (2), with
two phenyl groups attached to the backbone of the dbm-bidentate ligand coordinated to rhodium, is
slightly more, 0.021 eV. These results indicate that for the three square planar rhodium complexes
(1) — (3) (as the size of the bidentate ligand increases from acac [complex (1)] to cupf [complex (2)]
to dbm [complex (3)]), the energy barrier of rotation also increases. However, for the square
pyramidal complex (4), with a fifth ligand attached to rhodium, the energy barrier of rotation is
much larger, namely 0.138 eV. This high energy barrier occurs when a P-O bond is aligned parallel
to and on the same side as the Rh-C,,; bond, leading to repulsion between the two oxygens. The
lowest energy conformation of complex (4) is thus indeed when the distance between the O,y and
any of the oxygens on (P(OCH,);CCHs;) is as large as possible; see Figure 5. The cyclic
(P(OCH,);CCHj3) group thus adopts orientation 2 (Scheme 2) in both the DFT lowest energy
optimized geometry, as well as in the experimental crystal structure of the square pyramidal
complex (4). The experimental three dihedral angles Ocypt irans 10 1-Rh-P-O of 34.7°, 81.5° and 153.8°
[27], are thus near perpendicular to the plane through the four atoms coordinated to Rh. These

dihedral angles should be 45°, 90° and 135°, respectively, to be exactly perpendicular.

Crystal 4

Figure 5: Orientations of the (P(OCH;);CCH3) group in the crystal structure of complex (4) [27]
and the PW91/TZP optimized geometry of (4). Colour code (online version): Rh (green), O (red),
N (blue), I (purple), P (orange), C (black), O (white).

In contrast, the orientation of the (P(OCH;);CCHs) group in both the DFT optimized
geometry of complex (2), as well as in the crystal structure of (2), is orientation 1 (Scheme 2):
where one P-O bond is aligned near parallel to the Rh-Ogbm srans 1o co (dihedral angle Ogbm trans to co-
Rh-P-O = -6.8° calculated and -10.7° experimental) and the other two P-O bonds are orientated such
that both dihedral angles Cco-Rh-P-O are as large as possible, namely 53.1° and -67.2°

(experimental) [25], and 52.5° and -66.6° (calculated), see Figure 6.
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Figure 6: Different views of the experimental crystal geometry of complex (2) [25]. (a) The mean
plane through OgpmOdabmCcoP shows the orientation of the cyclic (P(OCH,);CCHj3) group in the
crystal structure of complex (2). (b) View along the P-Rh bond with POj3 in the front and
(OC)Rh(Ogpm) at the back (selected atoms removed for clarity). Colour code (online version): Rh
(blue-green), O (red), P (orange), C (black), O (white).

The DFT calculated minimum energy orientation of the (P(OCH,);CCHj3) group in
complex (3), is also when one of the P-O bonds is aligned near parallel to the plane through the
four atoms coordinated to Rh, namely orientation 1 in Scheme 2. As stated earlier, in complex (1)
this P-O bond is orientated on the same side as the Rh-Ogcqc rrans to co bond, as shown in Figure 7
(a) (i). The alternative DFT optimized geometry, where one P-O bond is aligned near parallel to
the Rh-Cc¢o bond, is only 0.0008 eV higher in energy for complex (1). For complex (3), the DFT
optimized geometry with the lowest energy is similar to complex (1), namely the geometry where
one P-O bond is aligned near parallel to the Rh-Ocupf 1rans 1o co bond (Figure 7 (b) (i)) with dihedral
angle Ocypt trans o co-Rh-P-O = -0.4°. The alternative DFT optimized geometry with the P-O bond
aligned near parallel to the Rh-C¢co bond (Figure 7 (b) (ii)), is 0.0114 eV higher in energy,
although the intra molecular distance between Ophosphite and Cco is similar to that of complex (1)
(compare Figure 7 (b) (ii) with Figure 7 (a) (ii)). An energy difference of 0.01 eV is not too high
for the molecule to exist experimentally. In this case, the orientation of the cyclic
P(OCH;);CCH3) group in the experimental structure of complex (3), is indeed the slightly higher
energy orientation with dihedral angle Cco-Rh-P-O = -2.5° experimental [26] (4.2° calculated), as
shown in Figure 7 (b) (ii).
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(i) 0 eV (i) 0.0008 eV (i) 0 eV (i) 0.0114 eV

Figure 7: (a) PW91/TZP optimized geometry of (a) complex (1) and (b) complex (3), optimized
with (i) one of the P-O bonds near parallel to the Rh-Ogp ;7415 10 co and (ii) with one P-O bond near
parallel to CO. Both orientations are as illustrated by orientation 1 in Scheme 2. Colour code

(online version): Rh (green), O (red), N (blue), P (orange), C (black), O (white).

4 Conclusions

The DFT calculated minimum energy orientation of the cyclic (P(OCH,);CCHj3) group in
square planar [Rh(BID)(CO)(P(OCH;);CCHj3)] (BID = bidentate ligand with two O donor atoms and
charge -1) complexes containing a bidentate ligand, is with one of the P-O bonds aligned near
parallel to the plane through the four atoms coordinated to Rh. The three P-O bonds of the rigid
(P(OCH;);CCH3;) group, adopt a C3-symmetrical conformation around the Rh-P axis. The geometry
with the lowest energy is where one P-O bond is aligned near parallel to the Rh-Ogip fgns to CO bond
with a dihedral angle Ogip frans 0 co-Rh-P-O < 10°. The geometry with a P-O bond orientated near
parallel to the Rh-Cco bond, is slightly higher in energy, but still possible experimentally. The
orientation of the (P(OCH,);CCH3) group in available experimental structures of square planar

[Rh(BID)(CO)(P(OCH,)3CCHj3)] complexes, confirms this finding.

Appendix A Supporting Information

CCDC 1451827 contains the supplementary crystallographic data for (1). These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the

Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)
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1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. Figure S1, selected crystallographic data and

the optimized coordinates of the DFT calculations are given in the Supporting Information.
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