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ABSTRACT: M(diphos*) catalyst precursors (M = Co or Rh) converted supermesitylphosphines PHR(Mes*) to cyclophos-
phinated P(2,4-(t-Bu)2CsH2(6-CMe2CH2))(R) (R = H, Me, Ph) slowly at room temperature (Mes* = 2,4,6-(t-Bu)3C¢Hz). Dehy-
drocoupling-cyclophosphination of PHPh(Mes*) occurred in up to 85:15 enantiomeric ratio (er) with [Rh((R R)-Me-
DuPhos)(Cl)]z and NaOSiMes. Diastereoselective formation of the resting state Rh-hydrides Rh(diphos*)(P(2,4-(t-Bu)2C¢Hz(6-
CMe2CH2))(R))(H) (10-12) suggested that substitution of the phosphine product by substrate was rate-determining, con-
sistent with faster turnover for smaller ligands, with the lowest bite angles. We propose that P-H oxidative addition in Rh(di-
phos*)(PHR(Mes*))(H) (15) gave Rh(diphos*)(PR(Mes*))(H): (16), whose reductive elimination of H: formed Rh(di-
phos*)(PR(Mes*)) (13), in which C-H oxidative addition of an o-t-Bu methyl group followed by P-C reductive elimination gave
the resting state. Density functional theory (DFT) studies suggested that both P-H oxidative addition of PH(Ph)(Mes*) and P-
C reductive elimination from Rh-PPh(Mes*) groups proceeded with inversion of configuration at three-coordinate phospho-
rus, and enantioselection occurred due to rapid interconversion of Rh-phosphido diastereomers 13 (R = Ph) by pyramidal
inversion, along with their relative speciation and C-H activation rates. Intrinsic Bond Orbital (IBO) analyses of the P-H and
C-H activation steps are consistent with proton, rather than hydride, transfer to the metal, which may be more widely relevant
in such processes.
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Chart 1. Selected Chiral Phospholanes, Including P-Stereo-
genic Benzophospholanes



Another possible route to a specific class of P-stereogenic
benzophospholanes exploits C-H activation of an ortho t-Bu
group in the bulky supermesityl (Mes* = 2,4,6-(t-Bu)3CeHz)
substituent, as in the Rh-catalyzed dehydrocoupling-cyclo-
phosphination in Scheme 1.7 This type of cyclization has
been known since 1983, when Yoshifuji showed that heat-
ing Mes*PCl; in the presence of pyridine gave the chloro-
benzophospholane  P(2,4-(t-Bu)2CsH2(6-CMe2CH2))(Cl).2
Similar processes are common in low-coordinate Mes*P de-
rivatives, also occurring upon generation of the phos-
phinidene intermediate’ Mes*P or the phosphenium ions
[Mes*PR]*,!? or in metal-mediated reactions.!! The resulting
bulky, rigid, P-stereogenic benzophospholanes are poten-
tially useful ligands,'? but stereocontrolled syntheses have
not yet been reported.

Scheme 1. Proposed Mechanisms’ of Rhodium-Catalyzed
Dehydrocoupling-Cyclophosphination of PH2Mes* ([Rh] =
Rh(dippe))
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To develop such processes, we considered the proposed
mechanism in Scheme 1, in which treatment of the catalyst
precursor!® Rh(dippe)(n3-CHzPh) with PH:Mes* yields tolu-
ene and the three-coordinate Rh(I)-phosphido complex
Rh(dippe)(PHMes*) (2, dippe = (i-Pr).PCH2CH2P(i-Pr)2)),
which can undergo two possible reactions.” In one, C-H acti-
vation of a Mes* ortho t-butyl group yields the five-coordi-
nate cyclometalated Rh(III) hydride 3. P-C reductive elimi-
nation then gives square planar Rh(I) hydride 4, which was

observed as the catalytic resting state. After ligand substitu-
tion of secondary phosphine 1 by the primary phosphine
substrate, P-H oxidative addition in 5, followed by reductive
elimination of Hz, would regenerate phosphido complex 2.
Alternatively, P-H a-elimination in 2 could yield phos-
phinidene hydride complex 6,'* in which P-mediated C-H ac-
tivation would yield resting state 4. These pathways could
not be distinguished by labelling studies with PD2Mes* be-
cause of rapid D exchange into the P-i-Pr groups.’

We hypothesized that replacing the primary phosphine
PH:Mes* with a secondary phosphine PHR(Mes*) would
provide more mechanistic information, since ci-elimination
in a Rh-PR(Mes*) intermediate would be unlikely. If this
step was required in catalysis, then secondary phosphines
would not react. Further, replacing dippe with a chiral
bis(phosphine) diphos* might enable enantioselective ca-
talysis, because the two diastereomers of the phosphido
complex Rh(diphos*)(PR(Mes*)), an analogue of 2, might be
formed selectively and/or react at different rates.!?

We report here that investigating these ideas resulted in the
development of a new catalytic asymmetric synthesis of a P-
stereogenic benzophospholane and evidence for Rh-cen-
tered C-H activation in these processes. Density functional
theory (DFT) studies provided more information on the ste-
reochemistry of the fundamental steps and the origin of en-
antioselectivity.

RESULTS AND DISCUSSION

Rhodium- or Cobalt-Catalyzed Dehydrocoupling-Cyclo-
phosphination Was Slow at Room Temperature and Oc-
curred in Up to 85:15 Enantiomeric Ratio (er) Dehydro-
coupling-cyclophosphination of  the supermesit-
ylphosphines PHR(Mes*) (R = H, Me, Ph) was catalyzed by
the precursors Rh(diphos*)(n3-CHzPh), a combination of
[Rh(diphos*)(Cl)]. and NaOSiMes,'® or Co(diphos*)Cl: and
NaBHEts;, which presumably generates [Co(diphos*)(H)]:
(Scheme 2 and Table 1).!7 With 10-20 mol % catalyst load-
ing in THF at room temperature, these reactions were very
slow, taking days or weeks and frequently not reaching full
conversion, although formation of byproducts was not ob-
served and the active catalysts often remained intact (see
below for details). The known products 1 and 7 were iden-
tified by 3'P{IH} NMR spectroscopy.’® The new phe-
nylphosphine 8 was prepared independently and converted
to its oxide 9 for assay of its enantiopurity with the chiral
amino acid S-FmocTrp(Boc)-OH (Scheme 3).1°

Scheme 2. Rhodium- or Cobalt-Catalyzed Dehydrocou-
pling-Cyclophosphination of Supermesitylphosphines
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Table 1. Catalytic Dehydrocoupling-Cyclophosphination of PHR(Mes*)2

Entry | R | Precursor/Loading (mol %) Time Conversion (%) | er
1 H | Rh((RR)-i-Pr-DuPhos)(CH2Ph) (10) 5d 100 1:1
2 H | Rh((RR)-i-Pr-DuPhos)(CHzPh)/NaOSiMes (10) | 2 weeks | 100 1:1
3 H | Co((RR)-i-Pr-DuPhos)Cl2/NaBHEts (11) 20h 100 1:1
4 H | Rh(dppf)(CH2Ph) (20) 2weeks | 100 1:1
5 Ph | [Rh((R,R)-i-Pr-DuPhos)Cl]2/NaOSiMes (20) 3d,60°C | 95 nd
6 Ph | [Rh((R,R)-i-Pr-DuPhos)(Cl)]2/NaOSiMes (20) 6 weeks | 74 25:75
A Ph | [Rh((R,R)-Me-DuPhos)(Cl)]2/NaOSiMes (20) 3d 100 (63% yield) | 85:15
8 Ph | [Rh((R,R)-Me-DuPhos)(Cl)]2/NaOSiMes (20) 2h,55°C | 100 81:19¢
9 Ph | [Rh((R,R)-Me-FerroLANE)(Cl)]2/NaOSiMes (20) | 5weeks | 70 86:14
10 Ph | [Rh(R,R)-Ph-BPE)(Cl)]2/NaOSiMes (20) 6 weeks | 75 42:58
11 Ph | [Rh((S)-BINAP)(Cl)]2/NaOSiMes (20) 6 weeks | 74 61:39
12 Ph | [Rh(dppf)(C])]2/NaOSiMes (20) 5weeks | 92 1:1
13 Ph | Co((RR)-i-Pr-DuPhos)Cl2/NaBHEtz (9) 4d 25 nd
14 Ph | Co((RR)-Me-DuPhos)Cl./NaBHEts (25) 3weeks | 0 nd
15 Me | [Rh((R,R)-i-Pr-DuPhos)Cl]2/NaOSiMes (20) 7d 11 nd
16 Me | [Rh((R,R)-Me-DuPhos)Cl]2/NaOSiMes (17) 7d 10 nd
17 Me | Co((RR)-i-Pr-DuPhos)Cl2/NaBHEtz (27) 4d 0 nd
18 Me | Co((RR)-Me-DuPhos)Cl./NaBHEts3 (14) 3 weeks | trace nd

a See the experimental section for general procedures, and the SI for details. Catalytic reactions were carried out in THF at
room temperature, except for entries 5 and 8. Catalyst loading ranged from 9 to 27 mol %, and the amount of substrate from
0.1 to 0.3 mmol; nd = not determined. Conversion and product er were determined by 3!P{1H} NMR spectroscopy, for which
peak overlap increased the uncertainty in the er values (see the SI). For example, the reported er of 85:15, as in entry 7, could
range from 90:10 to 80:20. ® In a duplicate experiment, the reaction was not monitored until day 8, when 100% conversion
had occurred. After workup, the phosphine oxide 9 was isolated in 63% yield and 85:15 er. ¢ Increased 3!P{'H} NMR peak
overlap for this assay increased the uncertainty in the er determination, with er values estimated to range from 90:10 to

70:30.

Scheme 3. Independent Synthesis of Phenylphosphine 8
and Conversion to Its Oxide 9, with the Chiral Amino Acid
Used for 31P{1H} NMR Analysis of Enantiomeric Enrichment
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As observed with the Rh(dippe) catalyst in Scheme 1, Rh(i-
Pr-DuPhos)-catalyzed reaction of PH:Mes* was slow at
room temperature (Table 1, entries 1-2). The analogous co-
balt catalyst was much faster (entry 3), but secondary phos-
phine 1 was formed without enantioselectivity with either
metal, as shown by complexation to a chiral Pd-amine com-
plex (see the SI for details, including comparison to results
with the achiral Rh(dppf) catalyst (entry 4)).2° This was not
surprising, because the P-epimerization of P-stereogenic
secondary phosphines catalyzed by trace acids has frus-
trated most previous attempts at their asymmetric synthe-
sis.2! Attempted removal of acid by carrying out the catalytic
reaction in the presence of added NaOSiMes (Table 1, entry
2) did not provide any improvement.??

With the diarylphosphine PHPh(Mes*), catalytic reactions
were extremely slow at room temperature and showed
marked ligand effects (Table 1, entries 5-14). With 20 mol
% of the precursors [Rh(diphos*)(Cl)]. and NaOSiMes, the
Me-DuPhos catalyst, for which the reaction was complete in
3 d, was much faster than the i-Pr-DuPhos one, which led to
only 74% conversion even after 6 weeks (entries 6-7).
Other Rh catalysts bearing ligands with a variety of P-
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donors and bite angles were also very slow (entries 9-12),
although mild heating (entries 5 and 8) greatly increased
the rate. Analogous cobalt precursors were slow or ineffec-
tive (entries 13-14).

With PHPh(Mes*) and the most active Rh(Me-DuPhos) cat-
alyst, treatment of reaction mixtures with H202 enabled iso-
lation of phosphine oxide 9 by chromatography on silica in
63% yield (entry 7). After addition of the chiral amino acid
S-Fmoc-Trp(Boc)-OH (Scheme 3), the 31P{tH} NMR spec-
trum showed two overlapping signals near 55 ppm (THF).
Integration gave the enantiomeric ratio (er) of the phos-
phine oxide 9 and thereby the enantioselectivity in Rh-cat-
alyzed formation of phosphine 8. Similarly, with incomplete
conversion by other catalysts (entries 6 and 9-12), the same
assay without isolation of 9 gave the er values in Table 1.
Dehydrocoupling-cyclophosphination was enantioselective
with all the chiral Rh catalysts, with product ratios ranging
from 42:58 with (RR)-Ph-BPE (entry 10) to 85:15 with
(RR)-Me-DuPhos or (R R)-Me-FerroLANE (entries 6 and 9).
Peak overlap in the 3!P{tH} NMR spectra of the phosphine
oxide/amino acid mixture reduced the accuracy of the er
values, with some variation in individual spectra, so that the
reported 85:15 ratio, for example, could span a range from
90:10 to 80:20. These assay limitations made quantitative
comparison difficult, but heating the catalytic reaction ap-
peared to reduce the enantioselectivity (compare entries 7
and 8).

Rh-catalyzed reactions of the alkyl(arylphosphine)
PHMe(Mes*) were much slower than for PHPh(Mes*), de-
spite its smaller size, and cobalt catalysts were ineffective
(Table 1, entries 15-18).

Observation of The Resting State Hydride Complexes
Rh(diphos*)(P(2,4-(t-Bu)2C¢H2(6-CMe2CH2)) (R)) (H)
(10-12) Suggested a Mechanism for Catalysis Involving
Oxidative Addition and Reductive Elimination Steps

Although the catalytic reactions were very slow at room
temperature, the mixtures were robust. Catalytic turnover
continued for weeks, and the phosphine hydride intermedi-
ates 10-12, analogues of 4 (Scheme 1), were observed as
resting states by 3'P{'H} NMR spectroscopy (Scheme 4 and
Table S2 in the Supporting Information). In some cases, sig-
nals due to the two diastereomers were observed, with se-
lectivity ranging from 2:1 for Rh((R,R)-i-Pr-DuPhos)(1)(H)
to 10:1 for Rh((R,R)-i-Pr-DuPhos)(8)(H). 3'P{*H} NMR data
were similar to those for Rh(dippe) complex 4 and for the
related hydride complex Rh((R,R)-i-Pr-
DuPhos)(PPh3)(H).'®> Rhodium hydride *H NMR signals,
which also resembled those of known analogues, were also
observed in some cases (Table S2), but were not investi-
gated for all catalysts.

Scheme 4. The Resting State Hydride Complexes 10-12
Were Observed by 31P{*H} NMR Spectroscopy During Rh-
Catalyzed Dehydrocoupling-Cyclophosphination
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These observations are consistent with the C-H activation
mechanism proposed for the Rh(dippe) catalyst and suggest
that a Rh-phosphinidene mechanism is less likely, at least
for secondary phosphine substrates yielding products 7-8.
Therefore, we propose the catalytic mechanism of Scheme
5, which shows two pathways in which the diastereomeric
intermediates differ only in the P-configuration of the
PMes* groups. Please also see the next section and Figure 1
for computational studies of this mechanism and lettered
model intermediates A-P in Scheme 5.

The key three-coordinate Rh(diphos*)(PR(Mes*)) (13-13")
could be formed with loss of toluene from Rh-benzyl pre-
cursors and the starting phosphine, or via proton transfer
from a Rh-silanolate complex, as in related chemistry with
other metals.? After C-H activation to yield Rh(III) hydrides
14-14’, P-C reductive elimination yields the resting state
Rh(I) hydrides 10-12 and 10’-12’. After ligand substitution
with the substrate to give unobserved Rh(di-
phos*)(PHR(Mes*))(H) (15-15’), P-H oxidative addition
gives 16-16’ and reductive elimination of Hz regenerates
the intermediates 13-13’. The observation of resting states
10-12 and 10’-12’ and the steric and bite angle effects sug-
gest that the rate-determining step is ligand substitution,
which is presumably associative, as in other square planar
d8 complexes.’* Steric hindrance to coordination of two
bulky Mes*-phosphines to Rh would slow this step and ac-
count for the slow catalytic turnover.



Scheme 5. Proposed Mechanism of Rh-Catalyzed Asymmetric Dehydrocoupling-Cyclophosphination (*[Rh] = Rh(diphos*))
via Two Diastereomeric Pathways (Red and Blue), Highlighting the Selectivity-Controlling P-Inversion, Oxidative Addition,
and P-C Reductive Elimination Steps. The Letters A-P Correspond to Computational Models For the Proposed Intermediates
With Diphos* = (R R)-Me-DuPhos, R = Ph, and the Mes* p-t-Bu Group Omitted (Figure 1)
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Enantioselectivity in catalysis might occur in the C-H acti-
vation and/or P-C reductive elimination steps where the
diastereomeric intermediates 13-13’ and 14-14’ are ex-
pected to interconvert rapidly by the pyramidal inversion
at P which is typical of metal-phosphido complexes.?®
Thus, the speciation of 13-13’ and their relative rates of C-
H activation might result in diastereoselective formation
of 14-14’. If these intermediates underwent P-C reductive
elimination faster than they interconverted, then their di-
astereomer ratio would be retained in resting states 10-
12 and 10’-12’, and in the enantiomeric ratio of the prod-
ucts. Alternatively, if Rh(I1I) hydrides 14-14’ interconvert
more rapidly than their reductive elimination, then the se-
lectivity of C-H activation is irrelevant, and instead enan-
tioselectivity is determined by the relative amounts of 14-
14’ and their reductive elimination rates. Thus, the rela-
tive rates of the two P-inversion processes, C-H oxidative
addition, and P-C reductive elimination are crucial in con-
trolling catalytic enantioselectivity.

DFT Studies of Catalysis Provided More Information
on the Mechanisms of Oxidative Addition and Reduc-
tive Elimination and Their Stereochemistry (Inver-
sion at P in P-H Oxidative Addition and P-C Reductive
Elimination) To address these questions, gas-phase DFT
calculations were performed at the B3LYP-
D3/LACV3P**+ level using the chiral (R,R)-Me-DuPhos lig-
and. The remote p-t-Bu group on Mes* was omitted to save
some computational time. While there are no crystallo-
graphically characterized species available in this system,
this level of theory has been successfully benchmarked for
similar Rh-P complexes in terms of relative ground state
structures, energetics, and kinetic reaction barriers.162 26
Since the reactions do not involve charged species and
proceed in relatively non-polar solvents no solvent cor-
rection was applied. Full details are provided in the SI.

While the principal objective was to elucidate the ob-
served enantioselectivity, the computed stereochemical
features of some steps afforded unusual results.

All structures calculated computationally are labelled us-
ing letter designations and are shown with accompanying
ChemDraw depictions in Figure 1. The free energy land-
scape is illustrated in Figure 2. The overall reaction incor-
porates two fundamental reaction sequences. The first (A
- ]), involves phosphine coordination, P-H bond activa-
tion, and formation of Rh(I)-phosphido intermediates ]
(13-13’in Scheme 5) by H: elimination. The second entails
C-H bond activation from ], followed by P-C reductive
elimination to generate the final cyclophosphinated prod-
uctP (10-12 in Scheme 5), shown experimentally to be the
resting state of the cycle. Figure 2 illustrates that the over-
all conversion of A to P (+ Hz) is thermodynamically down-
hill.

Coordination of the two enantiomers of the starting phos-
phine PHPh(Mes*) to the chiral [Rh((R R)-Me-DuPhos)H]
fragment affords two diastereomeric k-P complexes A.
The more stable diastereomer is derived from the (R)-en-
antiomer of the original phosphine. Subsequent interme-
diates (C, E, G, I-J, M, and P) and transition structures B#,
D# F# H# K#-L# and N#-0% derived from this diastereomer
are shown in the right-hand column of Figure 1 and in the
red pathway of Figure 2. Structures derived from the other
k-P diastereomer are shown in the left-hand column of
Figure 1 and in the blue pathway of Figure 2. Transition
structures involving inversion at P must result in crosso-
ver between the two diastereomeric pathways, a crucial
step in determining overall enantioselectivity, and are
shown spanning both columns in Figure 1 and in black in
Figure 2. While all minima and transition structures along
the red pathway were located computationally, some
structures in the early stages of the corresponding blue
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pathway did not converge satisfactorily and are labelled
as “not located”. However, all structures in the latter, rate
limiting (for formation of the resting state), parts of both
reaction pathways were located.



P-H activation and H: elimination

Structures derived from (S)-PHPh(Mes*) (blue in Figure 2)

Structures derived from (R)-PHPh(Mes*) (red in Figure 2)
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Figure 1. DFT calculated and ChemDraw structures of species A-P. Distances are in A. Transition structures are labelled with
a . Most CH-atoms are omitted for clarity, and the p-t-Bu group of Mes* was omitted in the calculations.
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Figure 2. Relative free energy landscape (not to scale) for conversion of diastereomeric x-P complexes A to cyclophos-
phinated products P, with elimination of Hz. All free energies are relative to the more stable diastereomer of A as 0.0. To
maintain this common zero, relative G-values of J-P include a molecule of free Ha.

P-H Activation and H: Elimination Proceeded via n32-
PH and n%-H: Complexes Formal oxidative addition of
the P-H bond to Rh in A is a process which is essential in
many previous examples of hydrophosphination and re-
lated reactions.”’ This reaction has been examined previ-
ously using DFT for P-H addition to Rh(I),®® Ir(I),*® and
Ru(I1)*® complexes. In each computational study, single
transition structures for an apparent one-step migration
of H from P to the metal center were located. For example,
for systems most closely related to ours, the barrier for ox-
idative addition of PHPh; to a Rh(I) precursor has been
calculated to be 28.7 kcal/mol,?® and that for an intramo-
lecular P-H addition in an Ir(I) pincer complex was found
to be 24.3 kcal/mol.* Here we find computationally that
migration of H from P to Rh proceeds in two steps from A
(Figure 2; red pathway) via initial transition structure B#
to give an intermediate 1?-PH complex C. This “forward
roll” motion of the phosphine corresponds to an intramo-
lecular substitution at Rh of the P lone pair by the P-H c-
bond. This n2-PH intermediate undergoes a formal oxida-
tive addition of the P-H bond to Rh via transition structure
D# to afford phosphido dihydride intermediate E. An anal-
ogous pathway emanates from the other diastereomer of
A, but we were unable to locate the corresponding transi-
tion structure B¥. The barrier for the P-H activation step
via transition structures D# is almost identical for both di-
astereomers. The overall barriers for conversion of the
phosphine complex A to phosphido dihydride E of ca. 18
kcal/mol (which assumes that the non-located energy of
the blue B#is similar to that of the red B¥and less than that

of D#) are somewhat lower than previously calculated for
PHPh: (vide supra). Correlation of the structures of C and
D# (Figure 1) indicates that the overall P-H activation pro-
ceeds with net inversion at P. An Intrinsic Bond Orbital
(IBO) study of this reaction step is presented later.

Intermediate E, formed by P-H migration to Rh with inver-
sion at P, could only be located computationally on the red
pathway; its low energy P-inversion via transition struc-
ture F# allows rapid conversion to G, containing a weak
agostic interaction with a C-H bond of an 0-t-Bu group. The
low energy P-inversion of E conceals the fact that E is itself
formed by inversion at phosphorus. This apparent overall
retention at phosphorus has been noted for P-H activation
in an Ir(I) pincer complex.” The energies of the two dia-
stereomers of G are almost identical. Their possible inter-
conversion by P-inversion and Rh-P bond rotation would
require sacrificing this agostic interaction; see below for
studies on such processes in later intermediates.

Elimination of Hz from diastereomers G occurs via transi-
tion structure H¥ (located on the red pathway) to give di-
hydrogen complexes I. Dissociative loss of H2 accompanies
rotation about the Rh-P bond to afford the Rh(I) interme-
diates J in which the C-H agostic interaction is maintained.
Both intermediates J are uphill from starting materials (A)
and the reaction is presumably driven by irreversible loss
of gaseous Hz. Unlike preceding intermediates, diastere-
omers J are significantly different in energy, providing a
means of enantioselectivity. As found for other phosphido
ligands in square planar metal complexes,? phosphorus
inversion via K¥* is facile, with barriers of 12.4 and 17.0
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kcal/mol for the blue and red pathways. Significantly, P-
inversion in J affords a direct single-step crossover path-
way, without requiring subsequent Rh-P bond rotation.
While we cannot discount that phosphido inversion oc-
curs in preceding higher coordination number intermedi-
ates E or G, diastereomer interconversion in these struc-
tures requires additional rotation about the Rh-P bond,
and that for G requires disrupting the agostic CH interac-
tion. These alternative pathways have not been studied
computationally.

The significant difference in the energies of diastereomers
J is likely due to steric interactions between the Ph group
of the phosphido ligand and the cis-proximal CHs group of
the chelating Me-DuPhos in each diastereomer, as shown
in Figure 3. On the blue pathway, the energy of ] is raised
because Ph occupies the same quadrant of space as the cis-
proximal CHs group; on the red pathway, the Ph group in ]
sits in the vacant quadrant relative to this cis-proximal CHs
group, with the corresponding trans-proximal CHs further
away.

K#

Figure 3. Alternate view of intermediates J on the red and blue pathways of Figure 2 and the P-inversion transition structure
K# connecting them. The carbons of the phosphido Ph group and the proximal CHs groups of the Me-DuPhos chelate are dark-

ened for emphasis.

C-H Bond Activation Occurred via Agostic Intermedi-
ates and P-C Reductive Elimination Proceeded with
Inversion at P C-H bond activation from agostic interme-
diates ], via transition structures L#, affords intermediates
M. This step is rate-limiting for the product formation in
Figure 2, but slower than catalytic turnover, which is con-
trolled by later ligand substitution. A single step crossover
of diastereomers M by P-inversion could occur at this
stage, but the transition structure N#lies too high in en-
ergy, with barriers of 24.2 (red) and 25.5 (blue) kcal/mol,
perhaps because the phosphorus is incorporated into a
ring. Instead, subsequent C-P reductive elimination oc-
curs via a lower energy transition structure O# to give the
final products P. Two points are noteworthy: reductive
elimination of the P-C bond must occur between apical
and basal sites in 5-coordinate M to afford a square planar
product P; and stereochemical correlation of the cyclic
structures of M and P illustrates that, as with P-H oxidative
addition, reductive elimination to form the C-P bond must
occur with inversion of configuration at phosphorus.

Enantioselectivity via C-H Activation Given the relative
energetics of this latter sequence, a specific cause of

enantioselectivity is difficult to assign. However, it clearly
arises in the C-H bond activation sequence, as shown in
Scheme 6, which includes a portion of Scheme 5 with a fo-
cus on the key steps and their computed barriers from Fig-
ure 2. These computational results answer the relative
rates question posed in discussion of Scheme 5: P-C reduc-
tive elimination in Rh(III) phosphido complexes 14-14’
(M) via transition structure 0% is much faster than P-inver-
sion via N¥. Therefore, the relative rates of P-inversion (via
K#) and C-H activation (via L¥) in Rh(I) phosphido inter-
mediates J (13-13’) control enantioselectivity. Because P-
inversion is not much faster than C-H activation in both
pathways, the Curtin-Hammett condition does not apply.’!
Instead, blue intermediate 13’ undergoes P-inversion
more rapidly than oxidative addition, with barriers of 12.4
and 14.6 kcal/mol, respectively. These relative rates are
reversed for red 13, whose C-H activation barrier of 15.9
kcal/mol is less than that for P-inversion (17.0 kcal/mol),
so formation of red Rh-hydride M is kinetically favored,
leading selectively to the red product P after fast reductive
elimination.

10



Scheme 6. A Portion of Scheme 5 Highlighting the Relative Rates of P-Inversion, Oxidative Addition, and P-C Reductive Elim-
ination Steps, with Computed Barriers (kcal/mol) Involving Transition Structures K¥, L¥, N¥, and 0% from Figure 2

P-inversion

oxidative (K*) oxidative
addition R I\/Ies* 57 Mes* R addition
. ¥
(L%) *[Rh]— P—Rhr —~ ("
(15.9) / 13(J) 7.0 13 (J)\ 14.6
H
P-inversion | 14
(M) *[Rh] () _[RAI* (m)
24.2| tBu F|’
reductive 25.5 +Bu R reductive
elimination elimination
(0) (0%)
H tBu
R St
AN
/P -Bu
R
10-12 1012
(P) (P)

Intrinsic Bond Orbital (IBO) Studies of Bond Cleavage
and Formation Steps Showed That Both P-H and C-H
Oxidative Addition Involved Element-to-Rh Proton
Transfer, Not Hydride Migration Components of this
overall reaction sequence allowed further study of three
distinct bond cleavage (P-H, C-H) and formation (P-C) re-
actions using the Intrinsic Bond Orbital (IBO) methodol-
ogy,>? which identifies and correlates those orbitals under-
going the largest electron density changes along the reac-
tion coordinate. As a result, electron redistribution along
the reaction coordinate can be defined, and used as a basis
for an arrow-pushing depiction for each reaction.>> Only
structures on the red pathway were subjected to this
methodology.

Figure 4 illustrates the IBOs for the P-H bond activation
step A —» C = E. Three IBOs dominate the electron flow
from A; the initial P-H o-bond, Rh 4d-orbital (a lone-pair
on Rh) and Rh-P 6-bond. As shown, the P-H bond electrons
evolve into the new Rh-P o-bond, the Rh d-electrons be-
come the Rh-H o-bond, and the Rh-P 6-bonding electrons
transform into the new P-lone pair of the phosphido lig-
and. In intermediate C the components of the Rh-P-H
bonding are consistent with the familiar c-donation from
P-H to Rh and backbonding from Rh to P-H ¢* which re-
sults in activation of the P-H bond. The “forward roll” of
the phosphine ligand from A — C interchanges the roles of
the P lone pair and the P-H o-bond and brings the P-H
bond into closer proximity to the metal, facilitating P-H
bond activation. Translation into an arrow pushing pic-
ture is shown at the bottom of the Figure. This is clearly
not a hydride migration reaction, but a proton transfer
from phosphorus to Rh. As suggested by a reviewer, this
mechanism is consistent with the more common

observation of P-H activation with more acidic ar-
ylphosphines than the less acidic alkylphosphines.?’
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Rh-P
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H

Figure 4. Evolution of IBOs for the P-H bond activation A — C = E, and the corresponding arrow-pushing mechanism. Some

peripheral atoms are truncated.

Similarly, electron redistribution in the C-H activation
process J] = L¥ - M can be tracked as shown in Figure 5.
Here the initial C-H bond electrons in the agostic starting
material evolve into the new Rh-C 6-bond, while the Rh-d

orbital becomes the new Rh-H o-bond. Once again, proton
abstraction from carbon is preferred to hydride migration.
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Figure 5. Evolution of IBOs for the P-H bond activation J] = L¥— M, and the corresponding arrow-pushing mechanism. Some

peripheral atoms are truncated.

Lastly, IBO analysis of the final P-C bond forming step, M
— 0#- P, is illustrated in Figure 6. The initial Rh-P -bond
evolves into the new P-C o-bond, the Rh-C o-bond be-
comes a Rh d-lone pair, and the original P lone pair evolves

into the new Rh-P o-bond. The interchange of the P-C
bonding and P-lone pair electron pairs in this reductive
elimination results in inversion at P, and is clearly the re-
verse of that in the P-H bond activation (vide supra); i.e.,
run backwards, P-C bond activation would involve nucle-
ophilic attack by Rh on P.
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Figure 6. Evolution of IBOs for the P-C bond elimination M — O# - P, and the corresponding arrow-pushing mechanism. Some

peripheral atoms are truncated.

Comparison to Experimental Stereochemistry of Oxi-
dative Addition and Reductive Elimination Involving
P-H and P-C Bonds, With Retention of P-Configuration
at Four-Coordinate Phosphorus In the very limited ex-
perimental studies of these processes (Scheme 7), both P-
H oxidative addition of a secondary phosphine oxide to
Pt(0)34 and P-C reductive elimination of a palladium com-
plex with aryl and phosphido-borane ligands occurred
with retention of configuration at four-coordinate P,35 con-
sistent with concerted processes. The presence of a P lone
pair in formation of G and O, according to our computa-
tional results, leads instead to inversion at P in oxidative
addition or reductive elimination of a three-coordinate
phosphine. The IBO analysis offers a rationalization of this
behavior for P-C reductive elimination, which proceeds by
nucleophilic attack of the Rh-phosphido bonding elec-
trons at C, assisted by conversion of the P lone pair into a

Rh-P bond. Similarly, we computationally observed nucle-
ophilic reactivity in the copper-phosphido complex Cu(tri-
phos)(PPhz) resulting from the Cu-P bond instead of the P
lone pair.36
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Scheme 7. Experimental Observations of Stereochemistry
in P-H Oxidative Addition and P-C Reductive Elimination:
Retention of Configuration at Four-Coordinate Phospho-
rus (Men = (-)-Menthyl)
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CONCLUSIONS

We have reported a new catalytic asymmetric process for
synthesis of P-stereogenic benzophospholanes, along with
identification of the resting states and ligand effects on
rate and selectivity. Despite the promising enantioselec-
tivity, the slow rate at room temperature, high catalyst
loading, and limited scope means that the process is not
yet synthetically useful. Catalysis was fastest with the least
sterically demanding ligand and the smallest bite angle,
consistent with the observation of Rh-hydride resting
states 10-12 and rate-determining substitution of the
product tertiary phosphine by the substrate secondary
phosphine at the metal. To promote the presumed associ-
ative mechanism for this step, which is common for square
planar complexes, further development will focus on
smaller chiral ligands with reduced bite angles, or mono-
dentate chiral ligands.

DFT studies suggested that the enantioselective step was
C-H activation in the phosphido intermediates Rh(di-
phos*)(PR(Mes*)) and that both P-H activation and P-C re-
ductive elimination at three-coordinate phosphorus pro-
ceeded with inversion at P, in contrast to experimental ob-
servations of retention at P in these reactions at four-co-
ordinate phosphorus. IBO studies are consistent with a
proton (rather than hydride) transfer to the metal in the
P-H and C-H activation steps, which may be more widely
relevant in such processes.

EXPERIMENTAL SECTION

General Experimental Details Unless otherwise noted,
all reactions and manipulations were performed in dry
glassware under a nitrogen atmosphere at ambient tem-
perature in a glove box or using standard Schlenk tech-
niques. Pentane, CH2Clz, and THF were dried over alumina
columns similar to those described by Grubbs.3” NMR
spectra were recorded with 500 or 600 MHz spectrome-
ters. 1H or 13C NMR chemical shifts are reported vs MesSi

and were determined by reference to the residual H or 13C
solvent peaks. 31P NMR chemical shifts are reported vs
H3PO4 (85%) used as an external reference. Coupling con-
stants are reported in Hz, as absolute values. Unless indi-
cated, peaks in NMR spectra are singlets. Atlantic Microlab
provided elemental analyses. Mass spectrometry was per-
formed at the University of Illinois. These reagents were
prepared by the literature methods: [Rh((RR)-Me-
DuPhos)(Cl)]2,*® [Rh((R R)-i-Pr-DuPhos)(Cl)]2 and other
[Rh(diphos*)(Cl)]= precursors, Rh(COD)(CHzPh), and
Rh(diphos*)(CHzPh),'%a  Co((R R)-i-Pr-DuPhos)Cl2,3° the
Pd-chiral amine complex (-
[Pd(NMe2CH(Me)CsH4)(C1)]2,2%2 Mes*Br and PH:Mes*40
PHMe(Mes*) and PHPh(Mes*),4! and PCl(2,4-(t-Bu)2CsHo-
6-CMe2CHy).8

General procedure for catalytic dehydrocoupling-cy-
clophosphination A mixture of the catalyst precursor
and the substrate in THF was monitored at room temper-
ature by 3'P{1H} NMR spectroscopy. Catalyst loading
ranged from 9 to 27 mol %, and the amount of substrate
from 0.1 to 0.3 mmol; see the SI for details of the individual
experiments in Table 1.

Synthesis of the benzophospholane PPh(2,4-(t-
Bu):CeHz-6-CMe2CHz) (8) A solution of PhMgBr (1 M in
THF, 3.4 mL, 3.4 mmol, 1.2 equiv) was added to a solution
of the chlorophosphine P(2,4-(t-Bu)2C¢H2-6-CMe2CH2)(Cl)
(1 g, 3.2 mmol, 1 equiv) in 50 mL of THF at -78 °C. The
mixture was slowly warmed to room temperature and
stirred for 1 h. The solvent was removed under vacuum.
The product was extracted with pentane and the resulting
solution was filtered over Celite to remove Mg salts. The
solvent was removed under vacuum to give 850 mg (75%
yield) of a colorless oil which 31P{*H} NMR spectroscopy
showed contained two minor impurities (about 5% each):
the phosphine oxide (see below, 48 ppm), and the second-
ary phosphine 1 (-79 ppm).'3 According to NMR spectros-
copy, this material also contained the arene Mes*H, which
was presumably derived from the Mes*Br starting mate-
rial. 'TH NMR (CeDe¢): 6 7.42 (3H), 1.34 (27H); 3C{'H} NMR
(CeéDs): 6 150.4 (quat Ar), 119.7 (Ar CH), 35.1 (quat CMes),
31.4 (CMes). In a similar smaller-scale procedure, the
product was further purified by chromatography on silica
with pentane.

HRMS m/z caled for C24Hs4P: 353.2398. Found: m/z
353.2411. 31P{'H} NMR (242.9 MHz, CsDs): 6 -11.9. H
NMR (600 MHz, CeDs): 8 7.65 (d, ] = 4, 1H, Ar), 7.27 (1H,
Ar), 7.22-7.18 (m, 2H, Ar), 6.93-6.92 (m, 3H, Ar), 2.24 (dd,
Jp-n=20,] =14, 1H, CHz2), 1.96 (d, ] = 14, 1H, CH2), 1.57 (9H,
CHs), 1.35 (9H, CH3), 1.21 (3H, CH3), 0.97 (3H, CH3). 13C{*H}
NMR (150.9 MHz, C¢Ds): 6 159.8 (quat Ar), 153.6 (d, ] = 14,
quat Ar), 153.2 (quat Ar), 144.6 (d, ] = 26, quat Ar), 132.7
(d, J=16,quat Ar), 132.1 (d, ] = 18, Ar CH), 128.1 (d,] =5,
Ar CH, obscured by CsDs signals), 127.7 (Ar CH), 122.2 (d,
] =5, Mes* CH), 119.3 (Mes* CH), 47.2 (d, ] = 6, quat CMez),
433 (d, ] =9, CHz), 37.6 (quat CMes), 35.2 (quat CMes),
333 (d, ] = 4, CH3), 32.4 (d, ] = 9, CH3), 31.8 (CH3), 31.7
(CHs).

Synthesis of PPh(0)(2,4-(t-Bu)2CsH2-6-CMe2CH2) (9) A
solution of aqueous H20: (100 pL, 30% v/v, 1.3 equiv) was
added to a stirring solution of the phosphine PPh(2,4-(t-
Bu)2CsHz-6-CMe2CHz) (150 mg, 0.42 mmol, 1 equiv) in 2
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mL of THF at room temperature. After 30 min, 3!P{*H}
NMR spectroscopy showed that most of the phosphine
was oxidized; full conversion was seen after 3 d. The sol-
vent was removed under vacuum to give a colorless oil
(140 mg). This material contained Mes*H, as in the phos-
phine precursor. When the oil was triturated and left over-
night in pentane at room temperature, a white solid pre-
cipitated (72 mg, 46% yield).

HRMS m/z calcd for C2sH34OP: 369.2347. Found: m/z
369.2352. 31P{1H} NMR (242.9 MHz, C¢Ds): 6 51.9. tH NMR
(600 MHz, CéD6): & 7.66-7.60 (d, ] = 4, 1H, Ar), 7.60-7.53
(m, 2H, Ar), 7.29 (d, ] = 13, 1H, Ar), 7.00-6.90 (m, 3H, Ar),
2.36 (d, ] =18, 1H, CH2), 1.98 (dd, ] = 7, 14, 1H, CH2), 1.51
(9H, CH3), 1.35 (3H, CH3 Mes*H), 1.27 (9H, CHs), 1.18 (3H,
CHs), 1.05 (3H, CHs). 13C{*H} NMR (150.9 MHz, C¢Ds): &
159.8 (d, ] = 29, quat Ar), 156.6 (quat Ar), 155.5 (d, ] = 6,
quat Ar), 139.5 (quat Ar), 138.6 (d, ] = 3, quat Ar), 131.2
(d,J=10,Ar CH), 128.6 (d,] = 3, Ar CH), 128.5 (d,] = 3, Ar
CH), 123.8 (d, ] = 9, Mes* CH), 118.9 (d, ] = 14, Mes* CH),
439 (d,]=73,CHz),33.8(d,] =9, CHs), 32.6 (d,] = 2, CH3),
31.8 (Mes*H), 31.4-31.3 (d, ] = 4, CHs), 31.3 (CHa).

[Rh((R,R)-Me-DuPhos)(Cl)]: catalyzed dehydrocou-
pling-cyclophosphination of PHPh(Mes*) (Table 1, en-
try 7). An orange solution of [Rh((R R)-Me-DuPhos)(Cl)]2
(20 mg, 0.023 mmol, 1 equiv), PHPh(Mes*) (80 mg, 0.23
mmol, 5 equiv per Rh), and NaOSiMes (5 mg, 0.045 mmol,
2 equiv) in 2 mL of THF was monitored via 3'P{tH} NMR
spectroscopy. Full conversion was observed after 3 d at
room temperature and 30% aqueous H202 was added (33
uL, 0.34 mmol, 1.3 equiv). The dark red sample immedi-
ately lightened to a yellow green. The solvent was then re-
moved under vacuum and the residue was dissolved in 2
mL of ethyl acetate. The rhodium was removed via chro-
matography on a pipette column of silica (0.5 cm x 5 cm).
The eluant was concentrated under vacuum to give a clear
oil. NMR spectroscopy in CsDs showed a mixture of phos-
phine 8 and phosphine oxide 9. The solution was left in air
overnight and showed full conversion to the tertiary phos-
phine oxide, according to 31P{1H} NMR spectroscopy. Re-
moving the solvent under vacuum and triturating with
pentane gave a white solid after drying (53 mg, 63%
yield). A solution of S-Fmoc-Trp(Boc)-OH (153 mg, 0.29
mmol, 2 equiv) in 1 mL of C¢Ds was added. The er (85:15)
was measured by comparing the ratio of signals centered
at 55 ppm in the 31P{*H} NMR spectrum (see the SI).

Generation of the resting state Rh((RR)-i-Pr-
DuPhos)(PH(2,4-(t-Bu)2CsHz-6-CMe2CH:) (H) (10a)
from PH:Mes* with the precursor Rh((R,R)-i-Pr-
DuPhos)(CHzPh) Crude Rh((R R)-i-Pr-DuPhos)(CHzPh)
(25.7 mg, 0.035 mmol, 1 equiv, containing COD) was
added to PH2Mes* (16.5 mg, 0.035 mmol, 1 equiv) in 2 mL
of THF resulting in an orange-brown solution. The solvent
was removed under vacuum and the resulting orange-
brown solid was dissolved in CsDe for characterization.
The 3tP{*H} NMR spectrum showed a 2:1 mixture of dia-
stereomers. The 'H NMR spectrum showed two overlap-
ping hydride signals. See Table 2 for selected NMR data
and the SI for spectra.

Generation of the resting state Rh((RR)-i-Pr-
DuPhos)(PPh(2,4-(t-Bu):C¢H2-6-CMe2CH2)(H) (12a)
from PHPh(Mes*) with the precursor Rh((R,R)-i-Pr-
DuPhos)(CHzPh) A solution of crude Rh(COD)(CHzPh)
(44 mg, 0.14 mmol, 1 equiv) in 2 mL of THF was cooled to
-78 °C. A solution of (R,R)-i-Pr-DuPhos (57 mg, 0.14 mmol,
1 equiv) in 4 mL of THF was added via cannula, followed
by PHPh(Mes*) (53 mg, 0.14 mmol, 1 equiv). After one
week at room temperature, the 3'P{H} NMR spectrum
showed formation of phosphine 8 (-11.8 ppm) and re-
maining starting material (-65.0 ppm), as well as signals
assigned to Rh((R,R)-i-Pr-DuPhos)(PPh(2,4-(t-Bu)2CsHo-
6-CMe2CHz))(H) (12a) and unidentified impurities (o
57.8, 41.5). See Table 2 for selected NMR data and the SI
for spectra.

Generation of the resting state Rh((RR)-i-Pr-
DuPhos)(PPh(2,4-(t-Bu).C¢H2-6-CMe2CH2)(H) (12a)
from PHPh(Mes*) with the precursor [Rh((R,R)-i-Pr-
DuPhos)(C)]: and NaOSiMes [Rh((RR)-i-Pr-
DuPhos)(Cl)]z (111 mg, 0.10 mmol) was treated with
PHPh(Mes*) (75 mg, 0.21 mmol) and NaOSiMes (23 mg,
0.20 mmol) in 1 mL of C¢De to give an orange solution con-
taining  Rh((R R)-i-Pr-DuPhos)(PPh(2,4-(t-Bu)2CsHz(6-
CMe2CH2))(H) (12a) as the major product as a 7:1 mixture
of diastereomers, according to 3'P{*H} NMR integration,
plus PPh(2,4-(t-Bu)2CsH2(6-CMe2CHz)) (8) and its oxide
PPh(0)(2,4-(t-Bu)2CsH2(6-CMe2CH2)) (9) as minor com-
ponents. The Rh complex was characterized in the mixture
by multinuclear spectroscopy. See Table 2 for selected
NMR data and the SI for spectra.
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