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ABSTRACT: Protolysis of AlMe; or AlBu'; with 2-diisopropylphosphinopyrrole N—PPr, N . 1
(1) yields molecules containing two flanking phosphines and a central Al-Me (2- ™ N 2 St et
Me), Al-“Bu (2-'Bu), or Al-H (2-H) unit. The reactions of 2-Me with [L,MCl], >AI—R — CI/}\'_/M/ AL, SR
(L = cyclooctene or 1/2 1,5-cyclooctadiene and M = Rh or Ir) in the presence of @\ _ i ’ N py |,, t':‘p e
pyridine produces PAI®'P pincer complexes (3-Rh and 3-Ir) with Al-Cl and M— 7 —PPr /PP PR
Me bonds. The analogous reaction of a mixture of 2-Bu and 2-H with [L,MCl], R=Me Bu, H MRz }’\?Ahebtilr ot Ll
and pyridine resulted in the formation of analogous Rh—H (4-Rh) and Ir—H (4- .ol
Ir) complexes. Treatment of 3-Rh with NaBEt;H produced compound $-Rh with Short Al-M bond lengths Al Er:, %
an Al-Me and a Rh—H bond; the analogous reaction of 3-Ir did not result in a 'ﬂﬁ:f;ﬁf et

clean product. 4-Ir accepted an equivalent of H, to produce 6-Ir with two terminal
Ir—H bonds and one bridging AI-H—Ir moiety, whereas 4-Rh did not react with
H,. The density functional theoretical treatment is in accord with this finding, highlights the likely mechanism for the H, addition,
and supports the bonding picture in 6-Ir arising from NMR and X-ray diffraction (XRD) observations. Spectroscopic data and XRD
studies are consistent with distorted square-pyramidal structures (about Rh or Ir) for compounds 3—S, with an alane occupying the
apical position. Complexes 3 and 4 possess some of the shortest known Rh—Al or Ir—Al distances.

H INTRODUCTION above four (i.e, B, C),>* highlighting an alternative avenue for
tuning the metal center’s reactivity.

On top of providing fundamental insights, the complexes of
Al-centered ligands have already shown potential for unique
reactivity. The Nakao group has used systems based on C to
effect highly regioselective catalytic olefin insertion into a
pyridine ortho C—H bond,*'® as well as catalysis of the
magnesiation of aryl fluorides.'” The Peters group explored the
use of alane-supported Fe complexes in N, reduction.'®

Our group previously reported on the complexes of boryl/
bis(phosphine) PBP pincer ligands,""'™** with a particular
focus on the selective C—H activation of azines.”>>" Similarly
to Nakao’s system C,* the system I possessed nearly perfect
selectivity for the ortho C—H bond in pyridines and
quinoline.23 As an expansion of our studies, we became
interested in analogous but Al-centered ligands, which connect
the Al and the outer phosphine donors via the 1,2-pyrrolidinyl
linker. Compound E is an example’ of a bipodal pincer-type
ligand with an aluminyl central moiety and G is an example of
a tripodal ligand built around an alane Z-type unit.”® However,

Transition-metal (TM) complexes supported by aluminum-
centered polydentate ligands have been attracting increased
attention over the past decade. The interest can arguably be
attributed to three general features. First, there exists a
diversity of modes of interaction between Al and TM, with
different modes often accessible within the same ligand
framework. Thus, compound A (Figure 1) contains a central
aluminate, without a direct Al-Cu bond and a bridging
chloride instead." Compounds B—E can be viewed as
containing an aluminyl X-type” ligand bound to TM, with
additional donors bound to AL>~® Compound F was billed as
an aluminyl—Ir complex with a donor-free Al, although the
presence of close Al-H contacts complicates this analysis.”
Compounds G and H contain an alane Z-type ligand bound to
a TM. Compounds of the H type were observed to undergo
exchange of L and X-type substituents between Al and Ni, thus
formally converting the Al ligand between a Z-type and an X-
type.8

Second, since Al is less electronegative than late TMs, the
TM-Al bonding may possess unusual characteristics.””"" In
particular, the TM°-Al’* polarization in metal aluminyl Received: ~ August 15, 2023
contrasts with that of traditional TM-X interactions.'"? Published: October 24, 2023
Third, although aluminyl (X) and alane (Z) ligands
qualitatively share the above features with boryl/borane
ligands,M’IS Al engenders higher Lewis acidity. Furthermore,
in firm contrast to boron, Al can attain coordination numbers
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Figure 1. Selected previously reported complexes of multidentate ligands with a central aluminum or boron anchor.

in the pincer manifold, the synthetic approach to E was
amenable only to Rh and could result in only a saturated
dicarbonyl complex. We were interested in accessing Rh and Ir
PAIP complexes without carbonyl ligands, and our work on
their synthesis and characterization is presented in this report.

B RESULTS AND DISCUSSION

Synthesis of PAIP Ir and Rh Complexes. We previously
disclosed that thermolysis of 2-diisopropylphosphinopyrrole
(1) with AlMe, in a 3:1 P/Al ratio results in the formation of
the tripodal AIP; ligand seen in G. Here, we report that
reactions of 1 with AlMe, or AlBu'; in a 2:1 P/Al ratio proceed
by analogous protolysis and yield proto-pincer products (2,
Scheme 1) with high selectivity. The reaction with AlMe,
produced >95% 2-Me, with concomitant loss of methane. The
reaction with AlBu'y produced a mixture of ca. 95% 2-Bu and
2-H in a 79:16 ratio, with the observation of isobutane and
isobutene. Commercial AlBu'; may contain (or develop upon
storage or heating) some isobutene from f-hydrogen
elimination to give HAIBu',.”” 2-H could originate from the
protolysis of the Al-C bond in the latter. Observation of a
broadened *’Al{'H} NMR signal at 146.6 ppm suggested a
four-coordinate Al in 2-Me,*® likely either by coordination of
phosphines to Al or via bridging N-pyrrolides.

Solutions of in situ prepared 2-Me and the 2-Bu/2-H
mixture served well as precursors for the formation of PAIP
complexes. Addition of 1 equiv of pyridine and either
[Rh(COD)Cl], or [Ir(COE),Cl], to 2-Me resulted in the
formation of 3-Rh and 3-Ir, respectively. The analogous
reaction utilizing 2-Bu/2-H and [M(COD)Cl], (M = Rh or
Ir) led to the formation of 4-Rh or 4-Ir. Ostensibly, transfer of
the i-butyl group of 2-Bu to Rh or Ir results in rapid f-H
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elimination; thus, 2-Bu and 2-H are operationally equivalent
as PAIP sources here. It is notable that in the reactions with 2,
the original substituent on Al is transferred to the TM, while
the originally Rh/Ir-bound chloride ends up on Al The facile
transfer of X-type ligands between Al and the TM here is
related to the observations by Lu et al. with compound H.* We
also reported on the exchange of X-type ligands between boron
and Rh/Ir in the system derived from compound 1.>***

Thermolysis of 3-Rh with NaEt;BH permitted the isolation
of 5-Rh in a 50% vyield. The analogous reaction of 3-Ir
produced a complicated mixture with no clear major product.
The modest isolated yield of 5-Rh is partly due to its thermal
instability. Thermolysis of a pure sample of 5-Rh at 100 °C in
C¢Dg resulted in decomposition to multiple products with an
apparent halflife of ca. 10 h alongside methane gas (see
Figures S40 and S41).

Interestingly, in 5-Rh, the Me group originally attached to
Rh in 3-Rh has migrated to Al. The distribution of the non-
PAIP ligands and substituents between Al, Rh, and Ir is likely
governed by thermodynamics, with Al favoring the more
electronegative X-type substituent.

Hydrogenolysis of the M-Me bond in 3 under a H,
atmosphere led to different outcomes for 3-Rh vs 3-Ir: the
Rh reaction produced the monohydride compound 4-Rh, but
with Ir, the product was the trihydride compound 6-Ir. In
concordance with these results, treatment of 4-Ir with H,
produced 6-Ir, but exposure of 4-Rh to a H, atmosphere did
not result in a significant change in the observed NMR spectra.

NMR Spectroscopic Characterization. Key NMR data
for compounds 3—6 are summarized in Table 1. We were able
to observe the *’Al NMR signals for the Ir and Rh complexes.
For compounds 3 and 4, the Ir analogues resonate about 30
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Scheme 1. Synthesis of PAIP Rh and Ir Complexes
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ppm upfield, but for the same TM, the Al NMR chemical
shifts are quite similar, consistent with the same immediate
coordination environment about Al in 3 and 4. The *’A1 NMR
chemical shifts for 5-Rh and 6-Ir are 30—35 ppm different
from those of 3/4 with the corresponding metal, also
consistent with the different immediate environment about
Alin S or 6.

The presence of the Rh- or Ir-bound CH; group in 3-Rh and
3-Ir is supported by the observation of the coupling of the 'H
and of the *C{'"H} NMR resonance of the CH; group to the
pair of equivalent 31D nuclei, and in the case of 3-Rh— to the
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'%Rh nucleus. In contrast, the Al-bound CH; group in 5-Rh
gives rise to a broad, featureless *C{'H} NMR resonance and
to a singlet with no discernible fine structure in the '"H NMR
spectrum.

The 'H NMR hydride resonances in 4-Rh and 4-Ir display
the expected coupling to the two *'P nuclei and the '*Rh
nucleus for 3-Rh. The observed chemical shifts are consistent
with a hydride trans to a nitrogenous donor.”””* 6-Ir displays
three distinct hydridic resonances at ambient temperature.
Two of them are sharp, and their fine structure betrays a 4 Hz
coupling between them, as well as a coupling to the two *'P
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Table 1. Chemical Shifts (in ppm) and J Values (Hz) from the 3'P{*H} NMR, *’Al{*H} NMR, “C{*H} NMR of M—Me, and

'"H NMR of M—CH; and M—H for Rh and Ir Complexes

M-H (J)

—-17.96 (q, 2]H,P ~ 1]H,Rh =20)
—20.30 (t, YJyp = 17.2)
—18.17 (dt, Jugn = 23.8, YJup = 18.7)

—6.12 (br s), =9.97 (qd, Jup ~ Yy = 14, Juu = 4), —22.18 (td,
ZJH,H =4, z]H,P = 15)

compound 3P ()) 27A1 M-CH; () M-CH, (])
3-Rh 33.7 127.6 -3.7 0.29

(CDe) (Yo = 120) (4 Jemn=22)  (td, Tupn =2 i = 7)
3-Ir 31.1 96.8 —18.4 0.86

(CeDg) (t, 2]c,P =6)" (m)

4-Rh 34.2 125.1

(CeDs) (Jogn = 121)

4-Ir 36.3 95.9¢

(CeDs)

S5-Rh 35.1 155.9 —-4.9 -0.39

(CDCL) (o = 125) (brs) (s)

6-Ir 199 120.9

(cpcly)

“Solvent is CDCl,.

nuclei. The third is a broad signal at —4.9 ppm, which we
tentatively assign as a hydride bridging Al and Ir. This
conception of the structure of 6-Ir is corroborated by X-ray
and DFT studies (vide infra).

Compounds 3-Rh and 3-Ir display two separate "H NMR
resonances for the 2- and 6-positions of the pyridine ligand,
whereas all the other compounds show only a single resonance
of intensity 2H. The hydrogens in the 3- and S-positions give
rise to a broad singlet of intensity 2H for 3-Rh and 3-Ir but a
sharp singlet for the other compounds. We believe that the
rotation of pyridine about the M—N bond is restricted and is
slowest in compounds 3. We previously analyzed this
phenomenon for Ph (and other C-bound aryl) ligands
bound to a TM center cis to two-PPr, arms.'”*' This
arrangement “sandwiches” the aryl ring between a pair of Me
groups of opposing -PPr', arms and increases the rotational
barrier. The loss of 2:2:1 symmetry for a C4Hg group at
ambient temperature is almost always observed in this
environment. The lack of this effect in compounds 4—6 may
be owing to the longer M—N, ;4. distance compared to the
M—Cypy, distance. Compounds 3-Rh and 3-Ir may possess a
higher rotational barrier because the Me group trans to the
pyridine is slightly larger than the H ligand in compounds 4—5
and may cause the i-propyl groups to lean away from M-Me
and toward pyridine to a greater degree. The contact between
the i-propyl groups and the pyridine/aryl ring tends to shift the
'"H NMR resonances of the i-propyl CH; group upfield
because of the aromatic ring current effect.

Notably, we observe a significantly more upfield '"H NMR
resonance for the pair of i-propyl methyls in 3-Rh or 3-Ir (0.29
and 0.38 ppm) than that in compounds 4—5 (0.7—0.8 ppm).
The structural studies (vide infra) appear to corroborate this
analysis, showing slightly larger P—Rh/Ir—P angles in 3-Rh
and 3-Ir (163—164°) than in 4-Rh (ca. 161°).

X-ray Structural Studies. Solid-state structures of 3-Rh,
3-Ir, 4-Rh, 5-Rh, and 6-Ir were determined by single-crystal X-
ray crystallography (Figure 2). The environment of the TM in
the structures of 3-Rh, 3-Ir, 4-Rh, and 5-Rh is five-coordinate
and could be described as distorted square-pyramidal.
Complexes 3—5 could be analyzed as containing a central Z-
type alane ligand binding axially to a square-planar M'
fragment. Through such binding, the alane Lewis acid engages
a filled d,, orbital at the metal and can be viewed to result in a
complex containing a trivalent’>*”> d° Rh/Ir center. A square
pyramid, with various distortions, is one of the typical
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geometries for five-coordinate d° complexes.’* The distortion
in the structures obtained here is at least partially due to the
constraint of the PAIP pincer framework.

The covalent radii of Rh (1.41 A) and Ir (1.42 A) are
essentially the same,”” so it is possible to cross-compare the
Rh/Ir-ligand bond distances. The Rh/Ir—P, Rh/Ir—N-
(pyridine), and Al—N(pyrrolyl) distances vary little among
the studied compounds and are generally unremarkable. The
Ir—Al distance in 6-Ir (ca. 2.51 A) is much longer than in 3-8,
consistent with a different structural type for 6-Ir.

The M-Al distances in compounds 3-Rh, 3-Ir, and 4-Rh fall
within a narrow 2.33—2.35 A range. The slightly longer Rh—Al
distance (ca. 2.38 A) in S-Rh is likely a consequence of a
somewhat weaker Lewis acidity of the Me-substituted alane vs
the Cl-substituted alane in 3. The Al center in 4-Rh and 5-Rh
is shifted away from the pyridine (All—Rh—N3 angles of ca.
121—123°) compared to the structures of 3-Rh and 3-Ir (All1—
Rh/Ir—N3 angles of ca. 110—113°) and thus closer to the
hydride. It is possible that this is merely a reflection of different
steric pressures by Me versus H; however, it may also be a
reflection of a weak Al—H interaction supported by the natural
bond orbital (NBO) analysis (vide infra).

The Rh—Al distance in Nakao’s compound D
(2.3183(8)A)° may be the shortest known Rh—Al distance,
while the Ir—Al distance in Yamashita’s F (2.3819(14) A) was
billed as the shortest Ir—Al distance to date, making the Rh/
Ir—Al distance in compounds 3—$ among the shortest ever
determined. Unlike 3—5, D and F cannot be analyzed as
formed via a lone pair donation from M(I) to an AlX; unit. For
a closer comparison, Braunschweig’s Cp(Me,P),Rh—AICl;*®
possesses a longer 2.425(1) Rh—Al bond, albeit this molecule
is rather pseudo-octahedral about Rh than square-pyramidal.
The sum of covalent radii of Al and Rh (or Ir) is 2.62 A (or
2.63 A), thus the formal bond shortness ratio®” for 3—5 is
0.89—0.90. This is smaller than the 0.93 value in the (AIP;)Ni
complex G, likely reflecting the more electron-rich nature of
monovalent Rh/Ir vs zerovalent Ni toward an AlX; o-acceptor.
The shortness of the Rh/Ir—Al bonds in 3—5 is likely a
consequence of the tight chelate constraint and the electron-
poor nature of the bis(N-pyrrolyl)Al-X moieties.

DFT Studies. We performed density functional calculations
to gain insight into the electronic structures and reactivity of
the (PAIP)Rh and (PAIP)Ir complexes. Geometry optimiza-
tions in the gas phase were calculated using M06/SDD/6-
311G(d,p) with the solvent-corrected free energies in toluene

https://doi.org/10.1021/acs.organomet.3c00359
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Figure 2. Mercury-rendered ORTEPs (50% thermal ellipsoids) of 3-Rh, 3-Ir, 4-Rh, 5-Rh, and 6-Ir (top to bottom). Hydrogen atoms (excluding
metal hydrides) have been omitted for clarity. The middle column displays the immediate Rh or Ir coordination environment. The right column

displays the immediate Al coordination environment.

(see details in the Supporting Information).* The optimized
geometries of 3-Rh, 4-Rh, and 6-Ir were in agreement with the
structures determined by XRD (Tables SS and S6). The net
hydrogenolysis of 3-M to 4-M (and methane) was calculated
to be decidedly exoergic for both Rh and Ir, with very similar
free reaction energies (—30.5 kcal/mol for Rh and —31.0 kcal
for Ir; Figure S48).

The net conversion of 4-M to 6-M is a simple addition of
H,. DFT results (Figure 3) suggest that this process is
thermodynamically favorable for Ir (by 1.1 kcal/mol) but not
for Rh (unfavorable by 7.5 kcal/mol), and this alone may
account for the experimental observation of 6-Ir but not 6-Rh.
However, the geometry of 4-M is such that direct addition of
H, cannot lead to the geometry of 6-M. Thus, we undertook a
theoretical study of the mechanism of this reaction.
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We were able to identify a pathway with an overall barrier
for Ir consistent with a reaction at ambient temperature
(Figure 3). First, H, coordination to the vacant site of 4-M
allows the formation of H,-complexes INT1-M. After the
approximately ergo-neutral dissociation of pyridine (py) to
give INT2-M, coordination of another 1 equiv of H, may
occur to give INT3-M before cleavage of the H—H bond. The
energy for the transition state for the H, cleavage (TS2-M) is
considerably lower for M = Ir (19.0 kcal/mol) than for M = Rh
(26.9 kcal/mol). The H, activation on the Ir complex involves
an earlier transition state than that on the Rh complex and the
H-H distances in TS2-Ir and TS2-Rh are 1.315 and 1.449 A,
respectively (Figure 4).

Upon H, cleavage, trihydride/dihydrogen complex INT4-Ir
is initially formed (17.2 kcal/mol). It can isomerize to the
more stable trihydride complex INTS-Ir (7.9 kcal/mol) via

https://doi.org/10.1021/acs.organomet.3c00359
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TS3-Ir (20.3 kcal/mol) through o-complex assisted meta-
thesis.”” Then, dissociation of H, to give INT6-Ir is followed
by association of pyridine, thereby forming the product 6-Ir.
TS3-M is the highest transition state on this path for both Rh
and Ir, but its energy is considerably higher for Rh (31.0 kcal/
mol). It is thus possible that the formation of 6-Rh is
prevented kinetically in addition to being thermodynamically
disfavored.

It is notable that the relative energies of the Rh and Ir
intermediates and transition states in Figure 3 are quite similar
through INT3-M, following which the energies of the
analogous structures for Rh are consistently 8—11 kcal/mol
higher. This coincides with the presence of three hydrides in
the structures, and the higher energies for Rh can be viewed as
a consequence of the greater “reluctance” by Rh to undergo
oxidative addition of a H—H bond. This is expected for a
contrast between a 4d metal Rh and a 5d metal Ir.*

The overall process is essentially a way to “flip” the Al-Cl
moiety to the side of a single hydride, as is needed for 6-M. In
this vein, we considered alternative pathways (and only for the
Ir system): either INT1-Ir needs to isomerize directly into 6-Ir
or INT2-Ir needs to isomerize into INT6-Ir without the
assistance of an extra molecule of H,. Consideration of the
direct isomerization of INT1-Ir into 6-Ir produced a much
higher barrier (TS7-Ir at 30.9 kcal/mol, see Figure S50).
Direct isomerization of INT2-Ir into INT6-Ir yielded a
pathway (Figure S) that involved a higher barrier than in the
H,-assisted pathway in Figure 3, but the difference is rather
modest (TSS-Ir at 22.6 kcal/mol vs TS3-Ir at 20.3 kcal/mol).
It is possible that this is a competitive pathway, especially
depending on the concentration of H, in solution.

The NBO™' analysis was performed to gain insights into the
orbital interaction between the TM M (M = Rh and Ir) and AL
According to the second-order perturbation energy (AE®),
substantial interaction from the occupied d-orbital, LP(M),
donating to the empty p-orbital, LV(Al), was found for both 4-
Rh and 4-Ir (Tables S7 and S8). In addition, a weak 6(M—H)
donation to the empty p-orbital, LV(Al), was also found.

Upon addition of H, to Ir, the calculated Ir—Al distance in
6-Ir (2.615 A) becomes more extended than that in 4-Ir
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(2.388 A) (Figure 4). The calculated elongation of the Ir—Al
distance is greater than that found by XRD, but it is likely that
the potential energy surface is quite shallow with respect to the
Ir—Al distance in 6-Ir. We found that in 6-Ir, one of the
hydrogen atoms is partly transferred from Ir to Al with a strong
o(Al-H) interaction to Ir (AE® = 272.4 kcal mol™") (Tables
S7 and S8). This appears as a bridging hydrogen between Al
and Ir in trihydride product 6-Ir. The calculated structure of 6-
Rh is of the same structural type as 6-Ir, but it possesses a
shorter Al-H distance and longer Al-Rh and (Al-)H—Rh

distances.

Bl CONCLUSIONS

In summary, we have described a series of Rh and Ir complexes
supported by a PAIP ligand that combines a central alane Z-
type moiety with two outer phosphine arms. The resultant
complexes can be viewed as arising from an interaction of the
central Z-type alane with a square-planar Rh(I) or Ir(I)
fragment. The electronegative nature of the substituents on Al
(N-pyrrolyl, chloride) leads to a strong interaction, with some
of the shortest AI-Rh/Ir bonds ever recorded. DFT
calculations reproduce the observed structural features well
and help explain the difference between Rh and Ir in the
reactions with H,,.

B EXPERIMENTAL SECTION

General Considerations. All manipulations were performed
under an Ar atmosphere by using standard Schlenk line or glovebox
techniques. Pentane, tetrahydrofuran, and toluene were dried and
deoxygenated (by purging) using a solvent purification system
(Innovative Technology Pure Solv MD-5 solvent purification system)
and stored over molecular sieves in an Ar-filled glovebox. C¢Dy,
CDCl;, and pyridine were dried over calcium hydride, vacuum
transferred, and stored over molecular sieves in an Ar-filled glovebox.
Celite and silica were dried at 180 °C under vacuum overnight and
stored in an Ar-filled glovebox. 1,”° [Ir(COE),Cl],,** [1r(COD)-
Cl],,” and [Rh(COD)CI],*" were prepared according to the
literature procedures. All other chemicals were used as received
from commercial vendors. Elemental analyses were performed by
EuTech Scientific Services (Mount Olive, NJ) and Robertson Microlit
Laboratories (Ledgewood, NJ).
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Figure 4. Optimized geometries for 4-Rh, 4-Ir, TS2-Rh, TS2-Ir, 6-
Rh, and 6-Ir. Rh is shown in orange, Ir in cyan, P in purple, Al in brick
red, N in blue, CI in green, and H in white. Hydrogen atoms were
omitted for clarity, except for those on the Rh/Ir.
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Figure 5. Alternative mechanism for the isomerization of INT2-Ir
into INT6-Ir. Solvent-corrected relative free energies are given in
parentheses (in kcal/mol, relative to 4-Ir at zero).

Physical Methods. NMR spectra were recorded on Varian
Vnmr$ 500 (‘H NMR, 500 MHz; *C{'H} NMR, 126 MHz; *'P{'H}
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NMR, 202 MHz; Al{'H} NMR, 130 MHz), Varian Inova 500 (*H
NMR, 500 MHz; “C{'H} NMR, 126 MHz; 3'P{'H} NMR, 202
MHz), and AVANCE NEO 400 ('H NMR, 400 MHz; “C{'H}
NMR, 101 MHz; *'P{'H} NMR, 162 MHz) spectrometers. Chemical
shifts are reported in § (ppm). For 'H and C NMR spectra, the
residual solvent peak was used as an internal reference (‘H NMR: §
7.16 for C¢Dg and 7.26 ppm for CDCly; *C NMR: § 128.06 for C¢Dg
and 77.16 ppm for CDCl;). *'P NMR spectra were referenced
externally with 85% phosphoric acid at § 0 ppm. Al NMR spectra
were referenced externally with an aqueous solution of aluminum
nitrate at & 0. Elemental analyses were performed by CALI
Laboratories, Inc. (Highland Park, NJ).

Synthesis of 2-Me. In a J. Young NMR tube, 29 mg (0.16 mmol)
of 1 was dissolved in 600 uL C4Dg. A 39 uL solution of 2.0 M (0.08
mmol) AlMe; in toluene was added via a microsyringe at room
temperature. After 3 h at room temperature, the in situ NMR analysis
determined that the clear, yellow reaction mixture was 95%+ 2-Me.
"H NMR (500 MHz, C¢Dy, Figure S1): & 7.33 (s, PyrroleH, 2H), 6.77
(t, J = 3 Hz, PyrroleH, 2H), 6.65—6.61 (m, PyrroleH, 2H), 1.94
(octet, Jyp ~ Juu = 7 Hz, CH(Me),, 4H), 0.94 (dd, Jygp = 13, Jyr =7
Hz, CH(Me),, 12H), 0.93 (dd, Jup = 17, Jun = 7 Hz, CH(Me),,
12H), 0.05 (t, ] = 3 Hz, Al-Me, 3H). “C{'"H} NMR (126 MHz,
CgDg, Figure S2): § 125.2 (s, prrmle), 124.9 (s, prrmle), 116.0 (s,
CPyrrole); 114.3 (S; CPyrrole)l 23.7 (ml CH(Me)Z)J 194 (m, CH(Me)Z)/
18.9 (s, CH(Me),), —3.8 (br s, Al-Me). >'P{"H} NMR (202 MHz,
C¢Dy, Figure S3): § —=3.1 (s). Al{'H} NMR (130 MHz, C,D,,
Figure S4): 6 146.6.

Synthesis of 2-Bu and 2-H. Into a J. Young NMR tube, 400 yL
of a 250 mM solution of 1 in C¢Dg was introduced. Al('Bu); was then
added as 50 uL of a 1 M solution in hexanes. After the mixture was
heated for 1.5 h at 80 °C, an in situ NMR analysis determined the
reaction mixture as 79% 2-'Bu, 16% 2-H, and 5% unknown impurities.
Further thermolysis did not significantly change this ratio. 2-'Bu. 'H
NMR (400 MHz, CDy, Figure S5): & 7.30 (s, PyrroleH, 2H), 6.74 (t,
] = 3 Hz, PyrroleH, 2H), 6.59 (m, PyrroleH, 2H), 1.98 (m, CH(Me),,
4H), 0.64 (dt, ] = 3, 7 Hz, AI-CH,CH,, 2H). *P{'H} NMR (162
MHz, CDy, Figure S6): 5 —3.8 (s). 2-H. 'H NMR (400 MHz, C(Ds,
Figure SS): 6 7.48 (s, PyrroleH, 2H), 6.70 (t, Jyu = 3 Hz, PyrroleH,
2H), 6.56 (d, Juu = 3 Hz, PyrroleH, 2H). *'P{'"H} NMR (162 MHz,
C¢Dyg, Figure S6): 6 —4.1 (s).

Synthesis of 3-Rh. In a S0 mL Schlenk flask, 366 mg (2.00
mmol) of 1 was dissolved in 10 mL of toluene. A 500 uL of 2.0 M
(1.00 mmol) AlMe; solution in toluene was added via a microsyringe
at room temperature. After stirring at room temperature for 3 h, 89
uL (1.10 mmol) of pyridine was added. Then, a solution of 247 mg
(0.50 mmol) of [Rh(COD)Cl], in 10 mL of toluene was added. The
reaction mixture was stirred for 2 h, during which a yellow precipitate
formed. The flask was cooled in a —35 °C freezer before the
precipitate was collected via filtration. The precipitate was rinsed with
6 mL (2 mL X 3) of cold toluene and dried under vacuum to yield
497 mg of 3-Rh (80%). Crystals for X-ray analysis were obtained via
recrystallization from THF. 'H NMR (500 MHz, C¢Ds, Figure S7): &
9.57 (br s, PyH, 1H), 8.52 (br s, PyH, 1H), 7.61 (m, PyrroleH, 2H),
6.78 (m, PyrroleH, 4H), 6.63 (m, PyH, 1H), 6.37 (br s, PyH, 2H),
241 (m, CH(Me),, 2H), 2.09 (m, CH(Me), 2H), 131 (dvt,
CH(Me),, Jup ® Juu = 8 Hz, 6H), 1.23 (dvt, CH(Me),, Jup ~ Jun =
7 Hz, 6H), 0.89 (dvt, CH(Me),, Jup ~ Juu = 7 Hz, 6H), 0.34 (dvt,
CH(Me)y, Jup & Juu = 7 He, 6H), 0.29 (td, Jurn = 2 Hz, Jyp = 7 He,
Rh—Me, 3H). *C{'H} NMR (126 MHz, C(D,, Figure S8): 5 156.0
(brs, pr), 148.5 (brs, pr), 136.3 (s, pr), 130.4 (vt, Jop = 32.9 He,
Coyrrote), 128:4 (m, overlaps with CgDg, Cpyrrate), 125.6 (br s, Cpy),
123.6 (br s, Cpy), 115.7 (vt, Jep = 4 Hz, Cpyreaie), 112.6 (vt, Jop = 3
Hz, CPyrrole)! 28.5 (vt, Jep =13 Hz, CH(Me)Z)J 264 (Vt) Jep =12 Hz,
CH(Me),), 22.8 (vt, Jop = S Hz, CH(Me),), 20.0 (s, CH(Me),), 18.8
(s, CH(Me),), 18.7 (m, CH(Me),), —3.7 (d, Jczn = 22 Hz, Rh—Me).
*'P{'"H} NMR (202 MHz, C(Dy, Figure $9): 6 33.7 (d, Jgpp = 120
Hz). “Al{'"H} NMR (130 MHz, C¢Dy, Figure S10): § 127.6. Anal.
Calcd for C,4H,,N;AIRWP,CL: C, 50.05; H, 6.79; N, 6.73. Found: C,
50.08; H, 6.81; N, 5.79.
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Synthesis of 3-Ir. In a 50 mL Schlenk flask, 670 mg (3.66 mmol)
of 1 was loaded with 10 mL of toluene. 915 uL of 2.0 M (1.83 mmol)
AlMe; solution in toluene was added to the above solution via
microsyringe at room temperature. The resulting clear solution was
stirred at room temperature for 3 h before 158 mg (2.01 mmol) of
pyridine was added. 819 mg (0.92 mmol) of [Ir(COE),Cl], in 10 mL
of toluene was then added to the resulting mixture. The yellow
precipitate forms immediately upon mixing. The suspension was
stirred at room temperature for 2 h before filtration. The precipitate
was washed with 4.5 mL (1.5 mL X 3) of cold toluene to afford a total
of 910 mg of 3-Ir (70%) as a yellow powder. Single crystals for X-ray
analysis were obtained via recrystallization from a concentrated
solution in THF. "H NMR (400 MHz, CDCl,, Figure S11): 5 9.65 (d,
Juu =4, PyH, IH); 8.94 (d! Juu =4, PyH, IH); 7.73 (tl Juu =8, PyH,
1H), 7.38 (m, PyH, 2H), 7.26 (m, overlaps with solvent, PyrroleH,
2H), 6.59 (d, Juu = 3, PyrroleH, 2H), 6.44 (m, PyrroleH, 2H), 2.74
(m, CH(CH,),, 2H), 2.50 (m, CH(CHS,),, 2H), 1.49 (m, CH(CH,),,
IZH); 0.79 (th; ]H,P ~ ]H,H =7 HZ, CH(CH3)2; 6H)’ 0.54 (mz
CH(CH,;), and Ir—CH,, 9H). 'H NMR (500 MHz, C¢Ds, Figure
S12): & 9.81 (s, PyH, 1H), 8.48 (s, PyH, 1H), 7.63 (m, PyrroleH,
2H), 6.78 (m, PyH, 4H), 6.58 (m, PyH, 1H), 6.32 (m, PyH, 1H),
6.29 (m, PyH, 1H), 2.61 (m, CH(CHj;),, 2H), 2.35 (m, CH(CHj,),,
2H), 1.29 (m, CH(CH,;),, 6H), 1.24 (m, CH(CH,;),, 6H), 0.86 (m,
CH(CH,), and Ir—CH,, 9H), 0.37 (m, CH(CH,),, 6H). 3C{'H}
NMR (126 MHz, C4Dy, Figure S13): § 156.5 (s, Cpy), 147.7 (s, Cpy),
135.4 (s, Cpy), 130.0 (vt, Jop = 40 Hz), 126.2 (s, Cp,), 123.7 (s, Cp,),
118.5 (vt, Jep = 5 Hz, CPyrmle)) 112.3 (v, Jep = 3 Hz, CPyrrole)z 28.8
(vt, Jep = 16 Hz, CH(Me),), 259 (vt, Jop = 15 Hz, CH(Me),), 22.6
(vt, Jop = 4 Hz, CH(Me),), 19.6 (s, CH(Me),), 19.1 (s, CH(Me),),
18.7 (m, CH(Me),), —184 (t, Jcp = 6 Hz, Ir—Me). *'P{'"H} NMR
(202 MHz, C¢Dy, Figure S14): & 31.1 (s). ¥Al{'"H} NMR (130 MHz,
C¢Dg, Figure S15): & 96.8. Elem. Anal. Calcd for C,;H,,N;AlIrP,Cl:
C, 43.78; H, 5.94; N, 5.89. Found: C, 43.40; H, 5.58; N, 5.64.

Synthesis of 4-Rh. Method A: to a 10 mL Teflon screw-cap
Schlenk flask, 123 mg (0.20 mmol) of 3-Rh was loaded with 10 mL of
toluene. The flask was degassed via freeze—pump—thaw cycles and
then backfilled with 1 atm H,. The resulting solution was stirred at
room temperature for 3 h before the volatiles were removed. The
residual yellow powder was rinsed with pentane and dried to yield 106
mg 4-Rh (88%). Yellow crystals were obtained by heating a
suspension of 4 (0.10 mmol) in 5 mL of toluene to 90 °C and
then cooling to room temperature.

Method B: to a J. Young NMR tube, 3-Rh (0.01 mmol) was
suspended in C4Dg. The sample was degassed via freeze—pump—thaw
cycles and then backfilled with 1 atm H,. The in situ NMR analysis
indicated the formation of 90% 4-Rh. See Figures S16 and S17.

Method C: a 400 uL solution (0.1 mmol) of 250 mM 1 in C(Dy
and a SO uL solution of 1.0 M Al'Bu, in hexanes were added to a J.
Young NMR tube. The solution was heated at 80 °C for 1.5 h before
12.3 mg (25 pmol) of [Rh(COD)CIl], was introduced. The reaction
mixture was heated at 50 °C for 1 h. Storage overnight at —35 °C
precipitated light-yellow solids. Solids were rinsed with pentane and
vacuum-dried to yield 4-Rh (20 mg, 67%). '"H NMR (500 MHz,
C¢D, Figure S18): 6 8.81 (d, Jyy = 5.4 Hz, PyH, 2H), 7.57 (dd, Jyu =
2, 1 Hz, PyrroleH, 2H), 6.81 (t, Jyy = 3 Hz, PyrroleH, 2H), 6.70 (m,
PyH, 1H), 6.65 (dd, Juy = 3, 1 Hz, PyrroleH, 2H), 6.46 (m, PyH,
2H), 2.24-2.13 (m, CH(CHj;),, 2H), 1.60 (m, CH(CH,),, 2H),
1.16-1.08 (m, CH(CH,), 6H), 1.11-1.03 (m, CH(CH,),, 6H),
0.94 (dvt, Jup ® Jun = 7 Hz, CH(CH,),, 6H), 0.78 (dvt, Jyp ~ Juy =
8 Hz, CH(CHj),, 6H), —17.96 (q, Jup ® Juxn = 20 Hz, Rh—H, 1H).
“C{'H} NMR (126 MHz, CD, Figure S19): § 151.5 (s, Cp,), 136.1
(s, Cpy), 128.7 (vt, Jop = 7 Hz, Cpprgre), 1245 (s), 114.9 (vt, Jop = 4
Hz, CPyrrole)) 1134 (vt, Jep =3 Hz, CPyrrole)) 282 (v, Jcp = 15 Hz,
CH(Me),), 27.0 (vt, Jop» = 12 Hz, CH(Me),), 21.4 (s, CH(Me),),
20.5 (vt, Jep = 4 Hz, CH(Me),), 194 (vt, Jcp = 3 Hz, CH(Me),),
18.1 (s, CH(Me),). *'P{'"H} NMR (162 MHz, C(D,, Figure $20): &
342 (d, Jopn = 121 Hz). “Al{'"H} NMR (130 MHz, C(D, Figure
S21): 5 125.1.

Synthesis of 4-Ir. In a 20 mL vial, 92 mg (0.50 mmol) of 1 was
dissolved in 2 mL of toluene and 250 uL of 1.0 M AI'Bu, in hexanes
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was added. The solution was heated at 80 °C for 1.5 h before 21 uL
pyridine was introduced. Addition of 84 mg (0.13 mmol) of
[Ir(COD)Cl], turned the solution from yellow to dark red. The
solution was heated at 100 °C for 2 h and allowed to cool to room
temperature, resulting in the formation of bright yellow precipitates.
The precipitates were rinsed with cold pentane and dried under
vacuum to yield 114 mg of 4-Ir (66%). 'H NMR (500 MHz, CDCL,,
Figure $22): 5 8.98 (d, Jyyys = 6 Hz, PyH, 2H), 7.68 (t, Jyzy = 8 Hz,
PyH, 1H), 7.40 (m, PyrroleH, 2H), 7.25 (m, overlaps with solvent
peaks, PyH), 6.47 (m, PyrroleH, 4H), 2.77 (m, CH(CH,),, 2H), 1.92
(m, CH(CHs),, 2H), 1.25 (dvt, Jyp ~ Jyu = 8 Hz, CH(CHy),, 6H),
1.16 (dvt, Juyp ® Juu = 7 Hz, CH(CHs),, 6H), 1.00 (dvt, Jyp & Jyyu =
7 Hz, CH(CH,),, 6H), 0.73 (dvt, Jyp ~ Juu = 8 Hz, CH(CH,),,
6H), —20.60 (t, Jyip = 17.1 Hz, Tr—H). 'H NMR (400 MHz, C;Dy,
Figure $23): 6 8.83 (s, PyH, 2H), 7.61 (s, PyrroleH, 2H), 6.85 (s,
PyrroleH, 2H), 6.64 (d, Juu = 3 Hz, PyrroleH, 2H), 6.58 (t, Jyu = 8
Hz, PyH, 1H), 6.37 (t, Juuy = 7 Hz, PyH, 2H), 2.49 (m, CH(CH,),,
2H), 1.73 (m, CH(CH,),, 2H), 1.14 (dvt, Jup ® Juu = 8 Hz,
CH(CH,),, 6H), 1.01 (dvt, Jyp ® Juu = 8 Hz, CH(CH,),, 6H), 0.92
(dvt, Jup & Juu = 7 Hz, CH(CH,;),, 6H), 0.78 (dvt, Jip & Jiyp = 8
Hz, CH(CH,),, 6H), —20.30 (t, Jyp = 17.2 Hz, Ir—H). *C{'H}
NMR (101 MHz, CDCl, Figure 524): § 150.9 (s, Cp,), 136.5 (s,
CPy)! 130.0 (vt, Jep =40 Hz, CPyrrole)’ 127.2 (v, Jep = 8 Hz, CPyrrole)z
125.6 (s, Cp,), 113.9 (vt, Jop = 6 Hz, Cpypqre), 112.0 (v, Jop = 4 Hz,
Chyrole)s 282 (Vt, Jop = 22 Hz, CH(Me),), 27.0 (vt, Jcp = 18 Hz,
CH(Me),), 21.3 (s, CH(Me),), 20.3 (vt, Jop = 4 Hz, CH(Me),), 19.0
(v, Jop = 1 Hz, CH(Me),), 18.1 (s, CH(Me),). *'P{'"H} NMR (202
MHz, CDCl,, Figure S25): & 37.1 (s). *'P{'"H} NMR (202 MHz,
C¢Dy, Figure S26): § 36.3 (s). Al{'H} NMR (130 MHz, CDCl,,
Figure $27): § 95.9.

Synthesis of 5-Rh. In a S0 mL culture tube, 312 mg (0.50 mmol)
of 3-Rh was dissolved in 15 mL toluene. A 500 uL solution of 1.0 M
(0.50 mmol) NaHBEt, in toluene was added to the mixture via a
microsyringe. The resulting mixture was then heated in an 80 °C oil
bath for 4 h before being filtered through a short pad of Celite. All
volatiles were removed under vacuum. The remaining residue was
recrystallized from THF layered with pentane at —35 °C to obtain 5-
Rh as orange—yellow crystals, 156 mg (50%) of 5-Rh. "H NMR (400
MHz, CDy, Figure S28): 5 8.61 (d, Juu = S Hz, PyH, 2H), 7.55 (s,
PyrroleH, 2H), 6.88 (s, 2H), 6.68 (d, Jyu = 3 Hz, PyrroleH, 2H),
6.66 (t, Juy = 8 Hz, PyH, 1H), 6.39 (t, Juy;s = 7 Hz, PyH, 2H), 2.20
(m, CH(Me),, 2H), 1.63 (m, CH(Me),, 2H), 1.18 (dvt, Jyp ~ Juyu =
7 Hz, CH(Me),, 6H), 0.94 (dvt, Juip ~ Juu = 7 Hz, CH(Me),, 6H),
0.70 (dvt, Jup ® Juu = 7 Hz, CH(Me),, 6H), 0.19 (s, Al-Me, 3H),
—17.85 (dt, Jugy = 224 Hz, Jyp = 19.3 Hz, Rh—H, 1H). '"H NMR
(500 MHz, CDCl,, Figure S29): 6 8.83 (d, Juu = S Hz, PyH, 2H),
7.70 (t, ] ywu = 8 Hz, PyH, 1H), 7.37 (t, ] uu = 7 Hz, PyH, 2H), 7.20
(s, PyrroleH, 2H), 6.4S (m, PyrroleH, 2H), 6.41 (m, PyrroleH, 2H),
2.39 (m, CH(Me),, 2H), 1.78 (m, CH(Me),, 2H), 1.29 (dvt, Jyp =
Juu = 8 Hz, CH(Me),, 6H), 1.13 (dvt, Jup ® Juu = 8 Hz, CH(Me),,
6H), 0.97 (dvt, Jip & Juu = 7 Hz, CH(Me),, 6H), 0.70 (dvt, Jiyp =
Juu = 8 Hz, CH(Me),, 6H), —0.39 (s, Al-Me, 3H), —18.17 (dt, Jyyry
= 23.8 Hz, Jy;p = 18.7 Hz, Rh—H, 1H). *C{'H} NMR (126 MHz,
CDCl,, Figure $30): 8 151.6 (s, Cp,), 136.5 (s, Cp,), 129.8 (vt, Jcp =
35 Hz, Cpyreate), 127.1 (v, Jop = 7 Hz, Coyrore), 125.0 (s, Cp,), 1133
(W, Jep = 4 Hz, Coyrie)y 1115 (Wt Jep = 3 Hz, Cpyrie); 283 (v, Jop
= 1S Hz, CH(Me),), 26.7 (vt, Jop = 12 Hz, CH(Me),), 21.3 (s,
CH(Me),), 20.5 (vt, Jcp = 4 Hz, CH(Me),), 194 (vt, Jcp = 2 Hz,
CH(Me),), 18.1 (s, CH(Me),), —4.9 (br s, Al-Me). *'P{'H} NMR
(162 MHz, CDCl,, Figure S31): & 35.1 (d, Jp ppy = 125 Hz). *Al{'H}
NMR (130 MHz, CDCl,, Figure S32): § 155.9.

Thermolysis of 5-Rh. In a J. Young NMR tube, 5-Rh (0.01
mmol) was suspended in 600 uL CDg. The sample was heated at 100
°C and analyzed via 'H and *'P{'H} NMR spectroscopy at the 1, 7,
17, and 37 h time points. See Figures S40, S41, and S42.

Synthesis of 6-Ir. Method A: to a 50 mL pressure flask, 142 mg
(0.20 mmol) of 3-Ir was suspended in 10 mL of toluene. The flask
was degassed via freeze—pump—thaw cycles and then backfilled with
1 atm H,. The suspension was heated to 90 °C for 30 min. The
resulting pale, yellow solution was slowly cooled to —35 °C to obtain
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6-Ir as white crystals. These crystals were collected and rinsed with
4.5 mL (1.5 mL X 3) of cold pentane to yield 101 mg of 7 (72%).

Method B. In a ] Young NMR tube, 35 mg (0.05S mmol) of 4-Ir
was dissolved in 600 uL of CDCl;. The sample was degassed via
freeze—pump—thaw cycles and then backfilled with 1 atm H,. The
solution was inverted to mix for 3 h. The in situ NMR analysis
indicated the >99% formation of 6-Ir (Figures S33 and S34).

The solution was dried under vacuum, and the resulting
precipitates were rinsed with pentane and further dried under vacuum
to yield 32 mg of 6-Ir (95%). "H NMR (500 MHz, CDCl,, Figure
$35): 6 9.15 (d, Juu = S Hz, PyH, 2H), 7.75 (t, Jux = 8 Hz, PyH,
1H), 7.29 (s, PyrroleH, 2H), 7.18 (t, Jyu = 7 Hz, PyH, 2H), 6.57 (s,
PyrroleH, 2H), 6.47 (d, Jyu = 3 Hz, PyrroleH, 2H), 2.47 (m,
CH(CH,),, 2H), 1.54 (m, CH(CH,),, 2H), 1.14 (m, CH(CH,),,
12H), 0.91 (m, CH(CH,),, 12H), —6.12 (br s, Ir—H—Al), —9.97 (qd,
Jup ® Jun = 14 Hz, Jyy = 4 Hz, r—H, 1H), —22.18 (td, Juy = 4 Hz,
Jup = 15 Hz, Ir—H, 1H). 'H NMR (400 MHz, C,D,, Figure S36): &
8.75 (d, Juu = S Hz, PyH, 2H), 7.72 (s, PyH, 1H), 6.91 (s, PyrroleH,
2H), 6.62 (d, Jizxz = 3 Hz, PyrroleH, 2H), 6.56 (t, Jyu = 8 Hz, PyH,
1H), 6.08 (t, Jun = 7 Hz, 2H, 2H), 2.23 (m, CH(CHj;),, 2H), 1.29
(m, CH(CH;),, 2H), 0.94(m, CH(CH,;),, 24H), —5.96 (br s, Ir—H—
Al), —9.97 (q, Jup ® Juu = 14 Hz, Ir—H, 1H), —21.95 (t, Jup = 14
Hz, Ir—H, 1H). *C{'H} NMR (126 MHz, CDCl,, Figure S37): &
159.6 (s, Cp,), 136.2 (s, Cp,), 129.0 (vt, Jcp = 6 Hz, Cpppe), 128.1
(W, Jep = 39 Hz, Copoe)y 1264 (s, Cpy), 1145 (v, Jep = S Hz,
CPyrrole)! 112.8 (Vt; ]C,P = 3 Hg, CPyrrole)/ 25.13 (Vtz ]C,P = 20 Hz,
CH(Me),), 24.7 (vt, Jep = 15 Hz, CH(Me),), 19.4 (s, CH(Me),),
19.3 (vt, Jep = 2 Hz, CH(Me),), 18.0 (vt, Jop = 3 Hz, CH(Me),),
16.0 (s, CH(Me),). *'P{'"H} NMR (202 MHz, CDCl,, Figure S38): 5
19.9 (s). Al{"H} NMR (130 MHz, CDCl,, Figure $S39): § 120.9.
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