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ABSTRACT: The P-stereogenic phosphiranes syn- and anti-Mes*PCH2CHPh (1-2, Mes* = 2,4,6-(t-Bu)3CsHz2) formed precata-
lysts for hydroformylation of propylene using the precursor Rh(acac)(CO)2. Stoichiometric reactions gave the complexes
Rh(acac)(L)(CO) (3-4). High-pressure NMR spectroscopy showed that Rh complex 3 was formed in the catalytic mixture, but
on treatment with syngas (CO/Hz), the phosphirane was displaced from rhodium. These observations were consistent with a
density functional theory (DFT) study, which found that the equilibrium between Rh(acac)(CO)z, phosphiranes 1-2, CO, and
Rh(acac)(L)(CO) (3-4) favored the starting materials. These results emphasized the competition between CO and phosphine
ligands for coordination to rhodium during hydroformylation, and the importance of strong Rh-L coordination to ensure con-
trol of catalyst properties.

hydrogenation reactions,’ or as a reversible process in Rh-
L. INTRODUCTION BABAR-Phos complexes.!?

A variety of P-ligands have been tested to control activity
and selectivity, especially the linear-branched ratio of the
aldehyde products, in metal-catalyzed hydroformylation.
Triphenylphosphine and bidentate bis(phosphites) have
been particularly successful. Faster catalysis with phosphite
ligands was ascribed to their m-acceptor properties, which

Chart 1. Structures of BABAR-Phos, P-stereogenic phos-
phiranes 1-2, and their Rh-Vaska complexes (Mes* = 2,4,6-
(t-Bu)sCeH2)

promoted CO dissociation.! Because phosphiranes were RN

also suggested, on the basis of Walsh diagram analysis, to be \
good T-acceptors,” they might behave similarly.? However,

this idea has been little explored beyond a BASF patent on / R \

the use of Griitzmacher’s phosphirane BABAR-Phos (Chart

1) in Rh-catalyzed hydroformylation.* The P-N bond in BABAR-Phos

BABAR-Phos and its bicyclic structure are unusual in phos- Mes*
phiranes,® so we wanted to test the simpler P-stereogenic Ho.. / Ho, / o
phosphiranes syn- and anti-Mes*PCHCHPh (1-2)° which P\ P
formed stable Vaska-type rhodium complexes trans- Ph® syn-1 Mes* Ph” anti-2
RhL2(CO)(Cl) (Mes* = 2,4,6-(t-Bu)3CsHz, Chart 1). cl

Experimental and computational evidence suggested that
phosphiranes are slightly poorer c-donors than the analo-
gous phosphines, and, in contrast to the earlier hypothesis,
their -acceptor properties are similar.”# These unusual lig- CcO
ands might therefore behave like “normal” phosphines in
catalysis, but the three-membered ring causes significant
differences which may limit their applications. Computa-
tional and calorimetric studies suggested that phosphines
bind metals more strongly than do phosphiranes, which
could result in ligand substitution and catalyst decomposi-
tion.”# Strain in the phosphirane ring also resulted in metal-
mediated ring opening, which was observed at the end of
Rh(chiral phosphirane)-catalyzed asymmetric

|
complexes

We hypothesized that the bulky Mes* group in phos-
phiranes 1-2 would prevent P-C cleavage, while using ex-
cess ligand might control catalyst speciation in equilibria
with CO."" To further investigate the potential of phos-
phiranes as ligands in Rh-catalyzed hydroformylation, we
report here the synthesis and structural characterization of
catalyst precursors and application of these ligands under
industrially relevant conditions. Studies of catalyst
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speciation by high-pressure NMR spectroscopy showed that
phosphirane 1 was displaced by CO, and density functional
theory (DFT) calculations rationalized the thermodynamics
of this process.

2. RESULTS AND DISCUSSION

The enantiomerically enriched phosphiranes (Re,Sc)-syn-
1 and (Rp,Rc)-anti-2 were tested in hydroformylation of pro-
pylene in a continuous reactor in tetraglyme at 75 °C, under
pressure of 50 psi CO, 50 psi H2 and 5 psi propylene
(Scheme 1). The rhodium concentration was 100 ppm (0.91
mM, introduced to the reactor as Rh(acac)(C0O)z). Both lig-
ands were tested at 10:1, 2:1, and 1:1 ligand to rhodium ra-
tios. The reactions were run for 2-3 days, while continu-
ously monitoring rate and linear/branched selectivity (n:i
ratio) via on-line GC measurements (see the Supporting In-
formation (SI) for details). The Rh/phosphirane mixtures
were not very active or selective catalysts (turnover fre-
quency (TOF) = 20-30/h for both ligands, n:i was 1.0-1.5).
For comparison, under similar conditions, catalysis with
PPh3 was about ten times faster, with n:i of 1.9. Control ex-
periments without added ligands showed that the presence
of phosphiranes affected both catalytic rate and selectivity.
Thus, over two days of operation, the average rate of catal-
ysis with 2 equiv of phosphiranes 1 or 2 was about two
times greater than for ligand-free Rh(acac)(CO)2, and the
average n:i ratio was also greater (1.3:1 for 1, 1.2:1 for 2,
and 0.7:1 for the control).

Scheme 1. Hydroformylation of propylene using the cat-
alyst precursor Rh(acac)(CO): and syn- or anti-phos-
phiranes 1-2
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To investigate the structure of the active species under
catalytic conditions, we first prepared Rh-phosphirane
complexes by ligand substitution on Rh(acac)(CO): using
racemic 1 and 2 (Scheme 2). This process occurred
smoothly with syn-phosphirane 1 to give 3, but reaction of
anti-phosphirane 2 to yield 4 was slow and required bub-
bling N2 through the reaction mixture to remove CO. Com-
plexes 3-4 were yellow solids whose NMR and IR spectra
were similar to those of analogous Rh(acac)(L)(CO) com-
plexes.'? The CO stretching frequency of 1968 cm! for both
3-4 was in between the values for complexes where L is the
powerful donor PAds (Ad = 1-adamantyl, 1948 cm1)!? or the
acceptor P(NC4H4)3 (2012 cm1),'* and similar to the PPhMe>
complex (1971 cm-1),' consistent with intermediate donor-
acceptor properties of the phosphiranes.’

Scheme 2. Synthesis of Rh(acac)(L)(CO) complexes 3-4
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The crystal structure of syn-phosphirane complex 3 (Fig-
ure 1 and the SI) showed the expected square planar coor-
dination at rhodium. The Rh-O1 distance trans to CO
(2.041(2) A) was shorter than the Rh-02 bond length trans
to the phosphirane (2.057(2) A) and the analogous distance
in Rh(acac)(CO)(PPhs) (2.087(4) A), consistent with the
trans influence order CO < syn-phosphirane 1 < PPhs. De-
spite the bulk of the Mes* substituent, the Rh-P distance of
2.2339(8) A in 3 was similar to the Rh-PPh; bond length of
2.244(2) A5 As observed previously, upon complexation of
phosphirane 1 to a metal, its P-C bonds shortened, and its
angles at P increased.” The crystal structure of 3 was in good
agreement with gas-phase density functional theory (DFT)
calculations at the B3LYP-D3/LACV3P**++ level; see the SI
for details.

Figure 1. ORTEP diagram of Rh(acac)(CO)(syn-
Mes*PCH.CHPh) (3). Selected bond lengths (A) and angles
(deg): Rh-P 2.2339(8), Rh-01 2.041(2), Rh-02 2.057(2), Rh-
C 1.813(3); 01-Rh-02 90.10(9), 01-Rh-P 89.98(6), P-Rh-C
89.06(10), C-Rh-0291.02(11), 02-Rh-P 177.13(6), 01-Rh-C
176.58(11)



Consistent with these observations, when Rh(acac)(CO)2
was treated with two equiv of syn-phosphirane 1 in ds-tolu-
ene, gas evolution occurred, and the 3'P{'H} NMR spectrum
showed the formation of Rh complex 3 and unreacted ligand
1. When the sample was pressurized in the high-pressure
NMR reactor!® to 300 psi with syngas (1:1 H2:CO) and
heated to 70 °C, with constant agitation of the sample by gas
bubbles, 31P{tH} NMR spectroscopic monitoring showed
disappearance of Rh complex 3 and an increase in the inten-
sity of the signal due to free phosphirane 1, which occurred
within 10 minutes (Scheme 3, see the SI for details). There
was no evidence for formation of the hydride complex
Rh(L)(CO)z(H), a commonly observed resting state in hy-
droformylation catalysis, either by 1H or 3!P{1H} NMR spec-
troscopy. These observations suggested that the phos-
phirane was displaced from Rh, and that the catalytic activ-
ity was due to Rh-carbonyl clusters formed from the Rh pre-
cursor, consistent with the limited dependence of activity
and selectivity on the Rh/L stoichiometry or on the use of
syn-1 or anti-2. However, the increased rate and selectivity
with these ligands, in comparison to the control experiment
with the precursor Rh(acac)(CO)z, implied that the phos-
phiranes still affected the catalytic cycle, perhaps in equilib-
ria involving polynuclear Rh-CO complexes.

Scheme 3. Formation of Rh-phosphirane complex 3 and
its decomposition under syngas in the high-pressure NMR
reactor to regenerate 1 and unidentified Rh products ([Rh])
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This ligand substitution under syngas pressure has been
observed with several phosphines and phosphites, some of
which are shown in Chart 2.!” This competition between ex-
cess CO and the added ligand is often important, not just for
bulky ligands. For example, even with excess PPhs, phos-
phine-free Rh complexes were present during hydro-
formylation catalysis, as observed by high-pressure NMR
and IR operando spectroscopy, and phosphite-CO coordina-
tion equilibria have also been observed.'®

Chart 2. Selected phosphine and phosphite ligands which
were displaced from rhodium under syngas pressure
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Such competition between CO and phosphines for coordi-
nation to the Rh(acac)(CO) fragment (Scheme 4) has been
studied by solution calorimetry and by computation. The
enthalpy of ligand substitution for the displacement of CO
by PRs in CHzCl; at 30 °C ranged from -14.2 kcal/mol for
PMe2Ph to -2.4 kcal/mol for PPhz(o-Tol)." Although the
computed Gibbs free energy AG2%8K for displacement of CO
by PPhs at 25 °C was 1.3 k] /mol, the success of the reaction
was ascribed to loss of CO from the mixture.”

Scheme 4. Reversible ligand substitution by phosphines
or phosphites (L) on Rh(acac)(CO):

For comparison, our gas-phase DFT study found that dis-
placement of CO by phosphiranes 1-2 to yield complexes 3-
4 was thermodynamically unfavorable in both cases, by 1.9
kcal/mol for syn-1 and by 5.9 kcal/mol for anti-2. This is
consistent with the experimental observations, in which re-
action of anti-2 with Rh(acac)(CO): to yield 4 required ac-
tive removal of CO by bubbling N2 through the reaction mix-
ture. Presumably the sizable difference between the ener-
gies of complexes 3-4 is a steric effect stemming from an un-
favorable interaction between the Rh(acac)(CO) fragment
and the phosphirane phenyl substituent, although the com-
puted Rh-P bond lengths of 2.295 A for the two complexes
were the same. We observed similar coordination behavior
with a cyclometalated Pd complex, where syn-1 bound irre-
versibly, while both free and bound anti-2 were observed.®
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With rhodium, the computed unfavorable thermodynamics
of complex formation are consistent with the high-pressure
NMR results, in which an excess of CO under syngas pres-
sure rapidly displaced syn-phosphirane 1 from Rh complex
3.

3. CONCLUSIONS

Rh-catalyzed hydroformylation is a particularly demand-
ing application for phosphines, because “every ligand must
compete with CO for coordination sites on the metal cen-
ter.”lc Here, although phosphiranes 1-2 formed the com-
plexes Rh(acac)(CO)(phosphirane) (3-4), ligand 1 was dis-
placed under syngas pressure, so the observed hydro-
formylation catalytic activity was apparently due to phos-
phine-free catalysts. However, the increased rate and selec-
tivity compared to ligand-free conditions are consistent
with some involvement of the phosphiranes in the catalytic
cycle. To avoid this thermodynamically unfavorable coordi-
nation to Rh and the resulting inferior catalytic perfor-
mance, bidentate bis(phosphiranes), which are very rare,
are attractive targets for future testing, because the chelate
effect should stabilize their complexes.?

4. EXPERIMENTAL SECTION

General Experimental Details The air-stable phos-
phiranes 1-2 and their Rh complexes 3-4 were handled in
the air. Dichloromethane, dichloromethane-dz, and pentane
were dried over molecular sieves. Toluene-ds was pur-
chased from Cambridge Isotope Labs and dried over acti-
vated 4 A molecular sieves in a N2-purged glove box. Rou-
tine NMR spectra were recorded with a 600 MHz spectrom-
eter. 'H or 13C NMR chemical shifts are reported versus
MesSi and were determined by reference to the residual 'H
or 13C solvent peaks. 31P NMR chemical shifts are reported
versus H3PO4 (85%) used as an external reference. Coupling
constants are reported in Hz, as absolute values. Unless in-
dicated, peaks in NMR spectra are singlets. Atlantic Microlab
(Norcross, GA) provided elemental analyses. Mass spec-
trometry was performed at the University of Illinois. Rea-
gents were from commercial suppliers. Phosphiranes 1-2
were prepared by the literature method.

Hydroformylation Catalysis The hydroformylation pro-
cess was conducted in a glass pressure reactor operating in
a continuous mode. The reactor consists of a three-ounce
pressure bottle partially submerged in an oil bath (75 °C)
with a glass front for viewing. Each reactor was charged
with tetraglyme (20 mL) via syringe and purged with nitro-
gen overnight. Catalyst precursor solutions comprising rho-
dium (introduced as rhodium dicarbonyl acetylacetonate;
100 ppm) and ligand in toluene were then added. The cata-
lyst solution was activated with a feed of 1:1 CO and Hzat a
total operating pressure of 150 psig (1034 kPa) for 30 to 60
minutes, and the reaction was subsequently initiated by the
introduction of propylene. Flows of the individual gases
were adjusted as desired, and nitrogen was added as neces-
sary to maintain the desired total operating pressure of 150
psig (1034 kPa). The flows of the feed gases (Hz, CO, propyl-
ene, N2) were controlled individually with mass flow meters
and the feed gases were dispersed in the catalyst precursor
solution via fritted metal spargers. The partial pressures of
Nz, Hz, CO, propylene, and aldehyde products were deter-
mined by analyzing the vent stream by gas

chromatographic (GC) analysis and Dalton’s Law. The unre-
acted feed gases were stripped out along with the butyral-
dehyde products to maintain substantially constant liquid
level. The outlet gas was analyzed periodically by GC. This
equipment allows hydroformylation rate to be measured as
a function of reaction temperature, CO and H: partial pres-
sures, and Rh content.

Synthesis of Rh(acac)(CO)(syn-Mes*PCH:CHPh) (3) A
solution of crude syn-phosphirane in 0.5 mL of CDzCl2 was
added to Rh(acac)(CO)z (16.3 mg, 0.063 mmol). The reac-
tion was monitored via 31P{tH} NMR spectroscopy, and
more crude phosphirane was added until the Rh starting
material was consumed; this required a total of 56 mg of
crude ligand (nominally 0.15 mmol, 2.4 equiv). The solvent
was removed under vacuum and the yellow residue was
washed with cold pentane, then dried under vacuum, to give
yellow blocky crystals (23 mg, 71% yield based on Rh). Slow
evaporation of CHzClz gave X-ray quality crystals.

Anal. Calcd for C32Hs4403PRh: C, 62.95; H, 7.26. Found: C,
63.01; H, 7.49. The parent ion was not observed by ESI-MS.
31P{1H} NMR (CD2Cl2): 6 -93.9 (d, ] = 220). H NMR (CD:Cl2):
8§ 7.57 (1H, Ar CH), 7.03 (m, 2H, Ar CH), 6.94 (t,] = 8, 2H, Ar
CH), 6.12 (br, 2H, Ar CH), 5.50 (1H, acac H), 2.95 (t, ] = 10,
1H, CHPh), 2.14 (t,] = 10, 1H, CHz), 2.06 (3H, acac CHs), 1.82
(3H, acac CHs), 1.81 (10H, 9H ¢t-Bu plus 1H CHz), 1.32 (9H, t-
Bu), 1.22 (9H, t-Bu).13C{*H} NMR (CD:Cl2): 6§ 189.4 (dd, ] =
28, 77, CO), 187.5 (quat acac), 185.5 (quat acac), 158.1 (d, ]
=3, quatAr), 158.0 (d, ] = 6, quat Ar), 151.3 (quat Ar), 137.5
(d, ] =7, quat Ar), 127.6 (Ar CH), 127.5 (Ar CH), 125.9 (Ar
CH), 125.4 (d,] =8, Ar CH), 124.4 (d, ] =9, Ar CH), 100.5 (d,
] = 2, acac CH), 40.5 (CMes), 40.2 (CMes), 35.1 (CMes), 34.7
(CMes), 34.6 (CMes), 32.2 (d, ] = 14, CHPh), 30.9 (CMes), 27.3
(acac CHs, overlapping), 27.2 (acac CHs), 22.4 (d, ] = 8, CHz).
One quat Ar peak was not observed.

Synthesis of Rh(acac)(CO)(anti-Mes*PCH:CHPh) (4) A
solution of anti-phosphirane (20.0 mg, 0.053 mmo], 1 equiv)
in 0.5 mL of CD2Clz was added to Rh(acac)(CO): (16.3 mg,
0.063 mmol, 1.18 equiv), and the reaction was monitored
via 31P{1H} NMR spectroscopy. Conversion to the product
was slow and incomplete, so N2 was bubbled through the
solution, with CH:Cl> added when necessary to replace
evaporated solvent. After 12 h of bubbling, removal of the
solvent under vacuum gave a yellow solid (27 mg, 83%)
which contained a small amount of Rh(acac)(CO)z. This ma-
terial was recrystallized from pentane at -20 °C to give a
yellow solid (25 mg, 77% yield).

HRMS (ESI) caled m/z 609.2005. Found m/z 609.1996.
31p{1H} NMR (CD:Cl2): 6 -101.7 (d, ] = 226). *H NMR
(CD2Cl2): 6 7.53 (d,] = 8, 2H, Ar), 7.41 (dt, ] = 2, 11, 2H, Ar),
7.30 (t, ] =7, 2H, Ar), 7.23 (t,] = 8, 1H, Ar), 5.47 (1H, acac),
2.83(q,] =9, 1H, CHPh), 2.04 (m, 1H, CHz, overlapping), 2.03
(3H, CHs), 1.85 (9H, CMes), 1.79 (3H, CHs), 1.73 (9H, CMe3),
1.59 (m, 1H, CH2), 1.32 (9H, CMes). 13C{*H} NMR (CD2Cl2): 6
189.2 (dd, ] = 75, 27, CO), 187.3 (quat acac), 185.1 (quat
acac), 155.9 (apparentt, ] = 5, 2 overlapping quat Ar), 150.7
(quat Ar), 137.8 (quat Ar), 128.9 (d, ] = 6, Ar CH), 128.2 (Ar
CH), 126.4 (Ar CH), 124.8 (d,] =9, Ar CH), 124.1 (d,] = 8, Ar
CH), 100.4 (d, ] = 2, acac CH), 40.1 (CMes), 39.7 (CMe3), 34.9
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(d, ] = 2, CMes), 34.7 (CMes), 34.2 (CMes), 33.0 (d, ] = 10,
CHPh), 31.3 (CMes), 30.8 (CMes), 27.1 (d, ] = 6, acac CH3),
26.9 (acac CHs), 20.7 (d, ] = 8, CHz). One quat Ar signal was
not observed.

High-pressure NMR High-pressure NMR experiments
were performed in a Wisconsin High-Pressure NMR Reactor
(WiHP-NMRR). The instrument was built at Dow based on
a design from Clark Landis’s research group at the Univer-
sity of Wisconsin.'®a NMR spectra were collected on a Varian
MR-400 MHz spectrometer with a 10 mm BB probe. Proton
spectra were referenced to residual protio solvent. Phos-
phorus spectra were referenced to the corresponding pro-
ton spectrum using a VnmrJ macro.

In a Nz-purged glove box Rh(acac)(CO)2 (24 mg, 0.093
mmol) was combined with phosphirane 1 (70 mg, 0.18
mmol, 2 equiv) in 1.5 mL of toluene-ds. Gas evolution was
noted from the yellow solution. The solution was pulled into
athreaded, gas-tight syringe (syringe 1). A second gas-tight
syringe was filled with 0.5 mL of toluene-ds (syringe 2,
rinse). A third gas-tight syringe was filled with 1 mL of N2
gas from the glove box atmosphere (syringe 3, N2 chase).

The WiHP-NMRR was purged with nitrogen with three
vent/refill cycles. The contents of syringe 1 were injected
into the high-pressure NMR tube, followed by 0.5 mL of N2
(syringe 3), 0.5 mL of toluene-ds (syringe 2), and then an-
other 0.5 mL of N2 (syringe 3). The reactor was pressurized
with 50 psig of N, circulated for 30 s, and vented three
times. Finally, the reactor was pressurized with 50 psig N2,

§_

the sample was locked and shimmed, and 'H and 3!P NMR
spectra were collected.

The reactor was vented and then pressurized with 300 psig
syngas (1:1 H2:CO). The sample was locked and shimmed
again at the higher pressure. The sample was then heated
to 70 °C using the NMR probe heater. Gas was circulated
continuously while collecting 3P NMR spectra every 10
minutes for 1 hour. The gas circulation was turned off at the
end of the experiment and a *H NMR spectrum was col-
lected.
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Computed structures (xyz)
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