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ABSTRACT: Postsynthetic phospha-Mannich condensation has been investigated for the design of solid-state phosphine ligands
using amine-functionalized metal-organic frameworks (MOFs). Hydroxymethylphosphine precursors Ph,P(CH,OH), PhP(CH,OH),,
and CyP(CH,OH), readily condense at the 2-aminoterephthalate linkers of MIL-101(Al)-NH, and IRMOF-3 to generate the phos-
phine-functionalized MOFs MIL/IRMOF-PPhz-x, MIL/IRMOF-PPh-x, and MIL/IRMOF-PCy-x, respectively, where x denotes
phosphine loading per amine site. Solution-state 'H and 3'P{'H} NMR spectra of base-digested MOFs reveal that PhP(CH,OH), and
CyP(CH,OH), react at the amine groups of adjacent linkers, resulting in intra-framework cross-linking. The phosphinated MOFs
have been investigated as solid-state ligands for Ir-catalyzed C—H borylation of arenes. MIL-PPh-0.1 and MIL-PCy-0.1 exhibit good
activity for the benchmark C—H borylation of toluene when metalated with [Ir(OMe)(cod)]. (cod = 1,5-cyclooctadiene). MIL-PPh2-
0.1 and the IRMOF-3 derivatives show little or no catalytic turnover under the same conditions, revealing that phosphine connectivity
and MOF topology and pore size are critical factors in solid-state ligand design.

INTRODUCTION

The ubiquity of phosphine ligands in transition metal cataly-
sis has prompted efforts to integrate them into heterogeneous
supports as a means of improving catalyst stability, activity, and
recyclability.'™ Recently, metal-organic frameworks (MOFs)
have emerged as promising platforms for the design of solid-
state phosphine ligands. There have been several reported ex-
amples of MOFs assembled from linkers based on central phos-
phine groups that provide structural support.’'® MOFs con-
structed from linkers with pendent phosphines that are not struc-
tural components have also been reported.'”! However, these
materials have typically relied on direct synthesis approaches
that suffer from disadvantages such as phosphine oxidation dur-
ing solvothermal synthesis, high ligand site density, and a lack
of control over the topology and porosity of the resulting MOF.

Postsynthetic modification (PSM) has become an indispensa-
ble means of tuning the properties and reactivity of MOFs.?2%
Covalent modification of MOF linkers bearing functional
groups such as amines, alkynes, azides, or aldehydes has been
used to introduce a wide range of different functional groups
that are not compatible with direct synthesis methods. It has also
been applied for intra-framework cross-linking.2® For exam-
ple, Sada reported postsynthetic cross-linking of a Zn MOF
containing azide-functionalized linkers via click reaction with a
tetraalkyne.?’ Similarly, Devic and Clet showed that thermoly-
sis of Ui0-66-COOH promotes intra-framework cross-linking
via formation of anhydride bridges.*

PSM routes for phosphine functionalization of pre-synthe-
sized MOFs can obviate some of the disadvantages of direct
synthesis, but remain quite rare.?' Solvent-assisted ligand incor-
poration (SALI) has been used to append triarylphosphines con-
taining carboxylate and sulfonate functional groups at the nodes

of MOF-808.3233 The resulting materials were subject to
postsynthetic metalation with Rh or Ir and investigated as cata-
lysts for reductive amination and alkene hydroformylation.
Phosphine-containing MOFs have also recently been prepared

by PSM of amine-functionalized linkers using imine condensa-
34,35

tion and amide coupling reactions.
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Figure 1: Framework and pore structures of a) MIL-101(Al)-NH2
and b) IRMOF-3. c¢) Generic phospha-Mannich condensation reac-
tion.

Herein, we describe the implementation of postsynthetic
phospha-Mannich reactions as a rapid and convenient means of
covalently appending phosphine ligands in amine-functional-
ized MOFs. Phospha-Mannich reactions have been well-studied
for homogeneous ligand design and utilize hydroxymethyl
phosphine groups as point of condensation with nucleophilic
amines.>®
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Figure 2. a) PXRD patterns and b) N2 adsorption isotherms (77 K) with calculated BET surface areas for MIL-PR-0.1-Ir, MIL-PR-0.1,
MIL-PPh2-0.15, and MIL-101(Al)-NHz. ¢) PXRD patterns and d) N> adsorption isotherms (77 K) with calculated BET surface areas for
IRMOF-PR-0.1-Ir, IRMOF-PR-0.1, IRMOF-PPh:-0.1, and IRMOEF-3.

In the present work, the phosphine precursors Ph,P(CH,OH),
PhP(CH,OH),, and CyP(CH,OH), have been found to readily
condense with amine-functionalized terephthalate linkers in
MIL-101(Al)-NH, and IRMOF-3 to provide solid-state phos-
phine ligands with controllable loadings (Figure 1). Notably,
the bis(hydroxymethyl)phosphine precursors result in intra-
framework cross-linking at low phosphine loadings. The phos-
phinated MOFs have been investigated as solid-state ligands for
Ir-catalyzed C—H borylation of arenes.”-*® Solid-state *'P NMR
studies and catalytic screening results reveal that MIL-101(Al)-
NH, supports catalytically active Ir-phosphine species while
pore diameter or pore window size limitations prevent the for-
mation of analogous species in IRMOF-3. Additionally, bridg-
ing phosphine ligands associated with intra-framework cross-
linking are found to be more effective at supporting catalytically
active Ir species than pendent phosphine groups.

RESULTS AND DISCUSSION

The phosphine-functionalized MOFs MIL/IRMOF-PPh:-x,
MIL/IRMOF-PPh-x, and MIL/IRMOF-PCy-x were pre-
pared by treating MIL-101(Al)-NH, or IRMOF-3 with acetoni-
trile solutions of the hydroxymethylphosphine precursors
Ph,P(CH,OH), PhP(CH,OH),, and CyP(CH,OH),, respectively
(Scheme 1). Here, x denotes equivalents of phosphine precursor
per MOF amine site used in the postsynthetic modification re-
actions. Powder X-ray diffraction (PXRD) analysis confirms
that the MOFs retain crystallinity following the postsynthetic
phosphination reactions (Figure 2a,c). N, adsorption isotherms
also show that Nj-accessible porosity is maintained and BET

surface areas decrease with increased phosphine loading (Fig-
ure 2b,d and Figure S1).
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Scheme 1: Postsynthetic phosphination and metalation of amine-
functionalized MOFs using different phosphine precursors.

Solution-state 'H and *'P{'H} NMR analysis of base-di-
gested MOF samples was used to characterize the modified
linkers and quantify the extent of phosphine incorporation. The
SIP{'H} NMR spectra of the MIL-PPhz-x and IRMOF-PPh;-
x derivatives show the formation of a single phosphine species
around -22 ppm, which is consistent with an independently pre-
pared homogeneous analogue Ph,P(CH,NH-bdc™®) (-18 ppm,
NH-bdcM® = dimethyl aminoterephthalate, Figure S2-4). The
base-digested '"H NMR spectra exhibit all expected resonances
for the new phosphine-functionalized linkers as well as



unreacted NH»-bdc linkers (Figures S5-S7). Integration of the
MIL-PPhz-x spectra reveals that the postsynthetic modification
reactions are nearly quantitative for x = 0.15-0.80, correspond-
ing to the general empirical formula Al;O(Cl)(NH,-bdc)s.
3x(Ph,PCH,NH-bdc)sy  (NHz-bde = 2-aminoterephthalate).
Greater batch-to-batch variability was observed for phosphine
loadings below x = 0.15, while x = 0.80 was consistently ob-
served as a saturation limit even with the use of excess
Ph,P(CH>OH). For IRMOF-PPh:-x, phosphine loadings of x =
0.1-0.30 gave quantitative reactions according to the general
formula Zn4O(NH»-bdc);.3<(Ph,PCH,NH-bdc)s.. Attempts to
prepare IRMOF-PPh:-x at higher loadings revealed x =0.3-0.4
as the saturation limit. The maximum phosphine loadings ob-
served for MIL-PPh:-x and IRMOF-PPh:-x are consistent
with the differences in accessible pore volume for the two
MOFs. 340

The short distances between amine groups of adjacent linkers
coordinated to the secondary building units (SBUs) of MIL-
101(Al)-NH; and IRMOF-3 are well-suited to accommodate in-
tra-framework cross-linking by the PhP(CH,OH), and
CyP(CH>OH), phosphine precursors (Scheme 1). Accordingly,
solution-state 'H and *'P{'H} NMR data for the base-digested
MIL/IRMOF-PR-x derivatives clearly indicate formation of
phosphine-bridged linker species corresponding to empirical
formulas of A13O(Cl)(NH2-de)3_6x[RP(CHzNH-de)z];;X and
ZnsO(NH,-bdc)s 6 [RP(CHoNH-bdc),]5x. The *'P{'H} NMR
spectra of the PCy and PPh MOF derivatives exhibit resonances
around -23 and -32 ppm, respectively, which are consistent with
those observed for independently prepared RP(CH,NH-bdcYe),
homogeneous analogues (Figures S8-9). The digested 'H NMR
spectra also display the expected resonances for phosphine-
bridged linker species and support nearly quantitative reaction
of PhP(CH,OH), and CyP(CH,OH), with the NH»-bdc linkers
up to x = 0.30 (Figures S10-17). However, at loadings of x >
0.30, the spectra show appearance of a new species correspond-
ing to the hydroxymethyl phosphine groups with a singly ap-
pended linker (i.e. RP(CH,OH)(CH>NH-bdc)) (Figures S8-9).
The incomplete condensation reaction reflects a critical density
limit for cross-linking adjacent linkers that corresponds to ~60
% functionalization and the presence of a phosphine group in
alternating pores.

Solid-state 3'P NMR spectra were also measured to corrobo-
rate the base-digested data. MIL-PPh:-0.33 and IRMOF-
PPh2-0.1 each show a major phosphine resonance around -15
ppm commensurate with the solution-state data (Figure S27).
IRMOF-PPh-0.3 gives rise to a single major resonance at -14
ppm while IRMOF-PCy-0.3 exhibits two phosphine reso-
nances at -5 and -21 ppm (Figure S28-29). These signals are
shifted slightly downfield with respect to those observed in the
solution-state spectra but remain consistent with the presence of
unoxidized phosphine groups. On the other hand, MIL-PPh-
0.3 and MIL-PCy-0.3 exhibit a series of broad resonances that
span the 0 to -40 ppm range, indicating the presence of multiple
distinct phosphine species (Figure S28-29).° Additional signals
in the +15 to +40 ppm region are attributed to oxidized phos-
phine groups resulting from air exposure during sample prepa-
ration and data collection. The MIL-101(Al)-NH, framework
includes hexagonal and pentagonal windows connecting the
large mesoporous cages as well as small trigonal windows that
are part of the super tetrahedron building blocks.*' Each of these
windows contains adjacent amine-functionalized linkers capa-
ble of supporting the bridging phosphine groups (Figure S37).
Consequently, the multiple phosphine species observed in the

solid-state NMR spectra of MIL-PPh-0.3 and MIL-PCy-0.3
most likely arise from the different microenvironments pre-
sented by these windows. This explanation is further supported
by the 3'P{'H} NMR spectra for the digested MOFs which only
show the presence of a single phosphine species in solution.

Lin and co-workers have shown that a Zr MOF assembled
from triarylphosphine-based linkers could be postsynthetically
metalated with [Ir(OMe)(cod)], (cod = 1,5-cyclooctadiene), re-
sulting in a material with excellent catalytic activity for C—-H
borylation of arenes.” The MOF catalyst exhibited up to 840
turnovers for borylation of benzene with Bopin, under neat con-
ditions, which greatly surpassed the activity of a homogeneous
analogue. Solid-state monophosphine ligands supported on sil-
ica have also shown good activity for Ir-catalyzed C—H boryla-
tion of arenes.*?* These reports motivated us to investigate the
phosphinated MIL-101(Al)-NH, and IRMOF-3 frameworks as
solid-state ligands for Ir-based C—H borylation and gain insight
into how the method of phosphine immobilization influences
catalytic activity and product selectivity.

Table 1. Catalytic C—H borylation of toluene.?

2 mol % [Ir], Bypin, | N ~0.1:2:1
neat, 100 °C, 44 h X (o:m:p)
Bpin
TON?
Entry Catalyst [Ir] R=Ph R=Cy
1 IRMOF-PR2-0.1-Ir <5 -
2 IRMOF-PR-0.1-Ir <5 <5
3 MIL-PR2-0.15-Ir <5 -
4 MIL-PR-0.1-Ir 87(x6)°  86(3)°
S5¢ MIL-PR-0.1-Ir (cyclohexane) - 9
6° MIL-PR-0.1-Ir (dioxane) - <5
7 MIL-PR-0.1-IrCl 80 81
8 MIL-PR-0.1-Ir (0.2 mol %) 38 63
9d RP(CH2NH-BDCMe), <5 7
+ 0.5 [Ir(OMe)(cod)]2
10¢ PR3+ 0.5 [Ir(OMe)(cod)]2 63 93
11 MIL-101(Al)-NH2 <5

+ [Ir(OMe)(cod)]2

“Reaction conditions: Bopinz (66 mM), catalyst (0.0013 mmol
Ir), toluene (2 mL), 44 h, 100 °C. *Turnover numbers (TON) are
reported as total borylated products per Ir. TONs were determined
by GC-FID with respect to an internal standard (hexamethylben-
zene). See Experimental Section for additional details. “Reactions
were carried out in the indicated solvent with an initial toluene con-
centration of 528 mM. Reactions were carried out using the stand-
ard conditions but with a 0.5:1 ratio of [Ir(OMe)(cod)]2 to phos-
phine. “The TONSs are reported as an average and standard devia-
tion of three reactions using different batches of fresh MOF cata-
lyst.




Activated samples of the low-loading phosphinated MOFs (x
=0.1-0.15) were suspended in THF and treated with 0.5 equiv.
of [Ir(OMe)(cod)]> per phosphine group to generate MIL-
PPh2-0.15-Ir, MIL-PPh-0.1-Ir, MIL-PCy-0.1-Ir, IRMOF-
PPhz-0.1-Ir, IRMOF-PPh-0.1-Ir, and IRMOF-PCy-0.1-Ir.
During the postsynthetic metalation reactions, the yellow color
of the supernatant solutions gradually dissipated concomitant
with subtle color changes of the solid MOFs. PXRD analysis
confirmed that the MOFs retain crystallinity after the metalation
reactions, and N, gas adsorption isotherms show a pronounced
decrease in BET surface area relative to the parent materials
(Figure 2b,d). Unlike the parent phosphinated MOFs, the Ir-
metalated materials do not cleanly depolymerize under basic di-
gestion conditions, and as a result no discernable signals were
observed in the solution-state *'P{'H} NMR spectra. Neverthe-
less, the solid-state *!P NMR spectra of MIL-PPh2-0.33-Ir,
MIL-PPh-0.1-Ir, and MIL-PCy-0.1-Ir show clear downfield
shifts of the broad phosphine resonances to around +10 ppm
(Figures S30-32), which closely match the chemical shifts of
the  homogeneous ligands upon metalation  with
[Ir(OMe)(cod)], and [IrCl(cod)], (Figures S18-26). Inductively
coupled plasma optical emission spectroscopy (ICP-OES) anal-
ysis of the MIL-101(Al)-NH; derivatives supports nearly quan-
titative metalation of the phosphine sites (Table S1). In contrast,
the solid-state 3'P NMR spectra of IRMOF-PPh;-0.1-Ir,
IRMOF-PPh-0.1-Ir, and IRMOF-PCy-0.1-Ir are unchanged
compared to those obtained prior to metalation (Figures S33-
35). The absence of new downfield shifted resonances indicates
that P—Ir species are not formed. However, X-ray fluorescence
spectroscopy (XRF) data and decreased BET surface areas sup-
port adsorption of Ir in the frameworks (Figure S38 and Table
S2).

Optimized model structures of MIL-PPh-x and IRMOF-
PPh-x were examined in an attempt to understand their con-
trasting behavior toward metalation (Figures S36-37) The per-
cent buried volume around the phosphine sites was calculated
to gauge their accessibility for complexation of the
Ir(OMe)(cod) species.***’ In IRMOF-PPh-x, the bridging
phosphine ligands are confined to the corners of the cubic pores,
resulting in a buried volume of 36.6 % for a sphere radius of 3.5
A. This value is larger than that reported for PPh; (29.6 %) but
smaller than for the more sterically hindered P(o-Tol); (41.1
%).*8 Expanding the sphere radius to 5.0 A results in only a
modest increase to 41.1 % buried volume for IRMOF-PPh-x.
The mesoporous cages in MIL-101(Al)-NH; contain hexago-
nal, pentagonal, and trigonal windows with adjacent linkers that
are potentially suitable for accommodating the bridging phos-
phine groups. All three possibilities were evaluated, giving cal-
culated buried volumes of 35.4 %, 40.2 %, and 36.1 %, respec-
tively, for a sphere radius of 3.5 A. The similarity in buried vol-
umes for MIL-PPh-x and IRMOF-PPh-x suggest that phos-
phine sites in both materials should be capable of accommodat-
ing the Ir(OMe)(cod) fragment. However, they may not reflect
the space required for complexation of the Ir species. In this
regard, the large mesoporous cages of MIL-101(Al)-NH,
should be more accommodating of the ligand substitution reac-
tion involving [Ir(OMe)(cod)]> or Ir(OMe)(cod)(THF) species.
Moreover, the smaller pore windows in IRMOF-3 (< 8 A) com-
pared to MIL-101(Al)-NH, (12-16 A) likely hinder transport of
the Ir precursor species to the phosphine sites.* Consequently,
although the local steric profile around the phosphine sites in
IRMOF-PPh-x does not provide a definitive explanation for its

recalcitrance toward metalation, MOF topology, pore diameter,
and pore window size are still likely be causal factors.

Toluene was used as a benchmark substrate for screening the
catalytic C—H borylation activity of the Ir-metalated MOFs. Re-
actions were performed in neat toluene at 100 °C with 2 mol %
Ir catalyst and bis(pinacolato)diboron (B,pin,, 66 mM) as the
borylating reagent. The B,pin, concentration was based on ini-
tial reaction optimization. The IRMOF-3 derivatives (Table 1,
entries 1-2) exhibited < 5 turnover numbers (TONSs) per Ir after
44 h. This low activity is comparable to that observed in a con-
trol reaction with a mixture of the parent MIL-101(Al)-NH; and
[Ir(OMe)(cod)], (Table 1, entry 11), confirming that phosphine
ligation is necessary to support the Ir-based active species. Un-
expectedly, MIL-PPh2-0.15-Ir also exhibits low catalytic ac-
tivity (Table 1, entry 3). PXRD analysis showed that the cata-
lytically inactive MOFs retain crystallinity after reaction
screening, indicating that framework collapse is not responsible
for the poor turnover (Figures S39-40). However, all of the in-
active MOFs quickly darkened in color upon heating under the
catalytic reaction conditions, suggesting rapid degradation of
the Ir species. In contrast, MIL-PPh-0.1-Ir and MIL-PCy-0.1-
Ir gave average TONSs of 87(x6) and 86(£3) per Ir, respectively,
after 44 h (Table 1, entry 4). The high TONs in excess of 50
reveal consumption of Bypin, and continued turnover with the
HBpin byproduct as the borylating reagent.’>! The isomer ratio
of the borylated toluene products (~2:1 meta:para) is consistent
with the statistical distribution expected for substrate-controlled
regioselectivity. These initial screening results indicate that the
linker-bridging phosphine ligands support catalytically active Ir
species while the pendent —CH,PPh; ligands are prone to deg-
radation. The small difference in TONs observed for MIL-
PPh-0.1-Ir and MIL-PCy-0.1-Ir further suggests that the iden-
tity of the phosphine substituent (i.e. Ph versus Cy) does not
have a strong influence on catalytic activity.

A hot filtration test with MIL-PCy-0.1-Ir showed an abrupt
halt of catalytic activity when the solid MOF was removed from
the reaction after ~10 turnovers (Figure S41), supporting the
heterogeneous nature of the catalyst. Many homogeneous irid-
ium catalysts have shown good activity with dilute arene sub-
strates, prompting us to screen MIL-PCy-0.1-Ir with 0.5 M so-
lutions of toluene in cyclohexane or dioxane (Table 1, entries 5
and 6). Unfortunately, a dramatic decrease in catalyst activity
was observed in both solvents. The pronounced concentration
effect can be attributed to hindered substrate diffusion and has
been observed for other MOF-supported arene borylation cata-
lysts.> When [IrCl(cod)], was used as the metalating reagent
instead of [Ir(OMe)(cod)]», the resulting MOFs MIL-PPh-0.1-
IrCl and MIL-PCy-0.1-IrCl gave slightly lower TONs after 44
h (Table 1, entry 7). The modest decrease in activity using the
Ir—Cl precatalyst species is consistent with previous reports.>>!

Unfortunately, the MIL-PR-0.1-Ir catalysts could not be ef-
fectively recycled. They showed significantly decreased activ-
ity when isolated by filtration after 20 h and resubjected to the
C—H borylation reaction conditions (Figure S42). This behavior
suggests decomposition of the catalytically-active Ir species in
the absence of B,pin, and/or arene substrate. Consistent with
this notion, catalytic turnover was maintained when the toluene
borylation reactions were sequentially spiked with an additional
50 equiv. of Bypin, after 20 h and 40 h (Figure S43). With the
cumulative addition of 150 equiv. of B,pin,, the MOF catalysts
gave TONs of 150 and 182 for R = Ph and Cy, respectively after
108 h. However, lower overall yields (100 % for R = Ph and



121 % for R = Cy) compared to the standard reaction conditions
(182 % for R = Ph and 190 % for R = Cy after 44 h) point to
gradual degradation of the catalytically active Ir species over
long reaction times. In addition, experiments carried out with
low catalyst loadings of 0.2 mol % Ir resulted in modestly de-
creased TONSs after 44 h (Table 1, entry 8).

Table 2. Catalytic C-H borylation of mono-substituted
arenes using MIL-PR-0.1-Ir catalysts.?

R’ R'

MIL-PR-0.1-Ir (2 mol % Ir)
Bopin, (66 mM) | X
neat, 100 °C, 44 h N
Bpin
Entry  Substrate TONP Prod. Dist.
R’ = R=Ph R=Cy (o:m:p)
1 Me 87(+6) 86(£3) 3:61:36
2 Et 81 78 1:66:33
3 iPr 71 76 0:67:33
4 Bu 43 59 0:66:34
5 SiMes 15 10 0:67:33
6 F 89 98 36:45:19
7 C(O)OEt 69 74 27:50:23
8 OMe 92 96 12:56:32
9 NMe: <5 <5 -

“Reaction conditions: Bzpinz (66 mM), catalyst (0.0013 mmol
Ir), toluene, 44 h, 100 °C. *Turnover numbers (TON) are reported
as total borylated products per Ir site. TONs were determined by
GC-FID with respect to an internal standard (hexamethylbenzene).
See Supporting Information for additional details.

Lastly, we sought to compare the catalytic activity of MIL-
PPh-0.1-Ir and MIL-PCy-0.1-Ir with precatalysts prepared in
situ using related homogeneous phosphine ligands and
[Ir(OMe)(cod)],. The analogous aminomethyl phosphine lig-
ands PhP(CH,NH-bdc™®), and CyP(CH,NH-bdc™®), exhibited
poor catalytic activity, yielding 4 and 7 TON, respectively (Ta-
ble 1, entry 9). In contrast, commercially available PPh; and
PCy; gave comparable activity to the MOF catalysts, yielding
63 and 93 turnovers, respectively (Table 1, entry 10). Attempts
to obtain kinetic profiles of the catalytic borylation reactions
with MIL-PPh-0.1-Ir and MIL-PCy-0.1-Ir for comparison
with the homogeneous phosphine ligands have been compli-
cated by batch-to-batch variability (Figure S44). Large varia-
tions in the catalyst induction periods (1-4 h) and apparent rates
have been observed irrespective of the MOF parentage. Nota-
bly, Farha and co-workers have reported observing similar
batch-to-batch variability in their study of UiO-67-based cata-
lysts for C—H borylation of arenes.>

MIL-PPh-0.1-Ir and MIL-PCy-0.1-Ir were subsequently
screened wtih a small library of mono-substituted arenes to
probe for size exclusion effects and the potential influence of
MOF microenvironment on product regioselectivity. Increasing
the size of the alkyl substituent from Me to Et to iPr resulted in

modest decreases in the catalyst TON (Table 2, entries 1-3), but
a precipitous drop in activity was observed for tert-butylben-
zene and trimethylsilylbenzene (Table 2, entries 4-5). In all
cases, statistical ~2:1 meta:para product distributions are ob-
served. These results suggest that sterically encumbering sub-
stituents negatively impact substrate diffusion to the active site,
but there is no unexpected product regioselectivity indicative of
steric crowding around the catalyst. Substrates with polar func-
tional groups including fluorobenzene, ethylbenzoate, and ani-
sole (Table 2, entries 6-8) yielded good TONs and an increase
in the fraction of the ortho-borylated products owing to direct-
ing group effects.’>* The presence of the strongly electron-do-
nating amine group in dimethyl aniline (Table 2, entry 9) re-
sulted very low substrate conversion, consistent with previous
reports for Ir diphosphine and bipyridine catalysts.’' Overall,
the MOF-based catalysts exhibit compatibility with electron
withdrawing functional groups but show pronounced decreases
in activity with increasing substrate size. Moreover, the product
regioselectivities indicate that the MOF microenvironment does
not influence substrate C—H activation at the catalyst sites.

CONCLUSIONS

MIL-101(Al)-NH; and IRMOF-3 are found to accommodate
up to 0.8 and 0.3 pendent —CH,PPh, groups per amine site, re-
spectively, using Ph,PCH,OH as a phosphine precursor. The
disparity in the upper limits of phosphine functionalization is
attributed to the difference in pore sizes of the two MOFs. Ow-
ing to the proximity of the amine groups on adjacent linkers co-
ordinated at the MOF SBUs, intra-framework cross-linking is
observed when bis(hydroxymethyl)phosphine precursors are
employed at low loadings (< 0.3 per amine site). After postsyn-
thetic metalation with [Ir(OMe)(cod)],, solid-state 3'P NMR
data corroborate the formation of Ir phosphine species in MIL-
PPh:-0.1-Ir, MIL-PPh-0.1-Ir, and MIL-PCy-0.1-Ir. How-
ever, *'P NMR spectra reveal that the phosphine groups remain
uncoordinated in the IRMOF-3 derivatives. Percent buried vol-
ume calculations indicate that the local steric environments
around the phosphine sites in IRMOF-PPh-x and MIL-PPh-x
are surprisingly similar, and both should be able to accommo-
date coordination of the Ir(OMe)(cod) fragments. This leads us
to postulate that MOF topology, pore diameter, and pore aper-
ture size have a more nuanced effect on the postsynthetic meta-
lation reaction. In line with the absence of phosphine supported
Ir catalyst species, the phosphinated IRMOF-3 derivatives
showed little or no activity as solid-state ligands for C-H
borylation of toluene. On the other hand, phosphine cross-
linked MIL-PPh-0.1-Ir and MIL-PCy-0.1-Ir exhibit compa-
rable activity to homogeneous PPh; and PCys ligands, yielding
>90 TON for the benchmark C—H borylation of toluene. No cat-
alytic turnover was observed for MIL-PPh2-0.1-Ir, containing
pendent —CH,PPh, groups, indicating that increased connectiv-
ity imparts stability to the phosphine ligands. MIL-PPh-0.1-Ir
and MIL-PCy-0.1-Ir proved to be competent catalysts for a
range of small arenes substrates. However, decreased catalytic
activity was observed with increasing substrate size, and the
MOF microenvironment did not influence product regioselec-
tivity.

Although PSM has been used to design MOFs with a wide
variety of functional groups, methods for the introduction of
phosphine ligands have remained scarce.’'>> Here, we have
shown that phospha-Mannich reactions can be used to append
phosphine ligands at the amine sites of MIL-101(Al)-NH, and
IRMOF-3. This PSM strategy is complementary to direct



synthesis approaches, which have been more commonly em-
ployed for the design of phosphine-functionalized MOFs. It al-
lows for the use of MOFs with pre-determined structures and
pore sizes while also providing control over phosphine loading.
Moreover, the hydroxymethylphosphine precursors are easily
prepared from commercially-available primary or secondary
phosphines, offering the ability to tune steric and electronic
properties of the resulting phosphine ligands. Altogether, the
postsynthetic phospha-Mannich reaction offers new opportuni-
ties for the design of solid-state ligand platforms to support het-
erogenous transition metal catalysts.

EXPERIMENTAL SECTION

General Considerations. All manipulations were carried out
using a nitrogen-filled glovebox unless otherwise noted. Ace-
tonitrile, tetrahydrofuran, toluene, and fluorobenzene were de-
gassed by sparging with ultra-high purity argon and passed
through columns of drying agents using a Pure Process Tech-
nologies  solvent  purification  system. = IRMOF-33°
[Ir(OMe)(cod)]»,*® and dimethyl 2-aminoterephthalate’’ were
prepared according to literature procedures. AlCl;-6H,O
(Ward’s Science), 2-aminoterephthalic acid (Thermo Scien-
tific), and DMF (Fisher Chemical) were used as received for the
preparation MIL-101(Al)-NH,. Phenylphosphine (Beantown
Chemical), cyclohexylphosphine (STREM), bis(pinacolato)di-
boron (Frontier Scientific), and pinacolborane (TCI America)
were used as received and stored at -20 °C in an N»-filled glove-
box. Hexamethylbenzene was purchased from TCI America
and dried prior to use. All arene substrates were purchased from
commercial suppliers and dried and distilled prior to use.

Powder X-ray diffraction patterns were measured using a
Rigaku Miniflex 600 diffractometer with nickel-filtered Cu Ka
radiation (A = 1.5418 A). XRF spectroscopic data for were ob-
tained using an Innov-X Systems X-5000 spectrometer with a
50 keV, 10 W Tantalum X-ray tube. Additional details about
the XRF measurements can be found in the Supporting Infor-
mation. N, (77 K) gas adsorption measurements were per-
formed using a Micromeritics 3Flex Surface Characterization
Analyzer with ultrahigh-purity N, (Praxair, NI 5.0UH-K). Prior
to analysis, samples (100-200 mg) were transferred to oven-
dried and tared sample tubes equipped with TranSeals™ (Mi-
crometrics). The samples were heated to 100 °C (MIL(AI)-101-
NH, and IRMOF-3), 60 °C (MIL/IRMOF-PR/PPh,-x), or 45 °C
(MIL/IRMOF-PR/PPh,-x-Ir) at initial ramp rate of 1 °C min!
under vacuum until the outgas rate was less than 0.0033 mbar
min~!. BET surface areas were calculated from the N, adsorp-
tion isotherms by fitting the data to the BET equation using the
3-Flex software package (v5.02, Micromeritics). The appropri-
ate pressure range for the fitting (0.0001 < P/Po <0.1) was de-
termined by the consistency criteria of Rouquerol.®®>°

Solution-state NMR spectra were measured using a Bruker
DPX 400 or 600 MHz spectrometer. For 'H NMR spectra, the
solvent resonance was referenced as an internal standard. For
SIP{'H} NMR spectra, 85% H;PO4 was used as an external
standard (0 ppm). MOF samples were digested for solution-
state NMR analysis by mixing 5-10 mg of MOF with ~5 mg of
CsF and 5 drops of D,O. Deuterated dimethyl sulfoxide
(DMSO-ds, 0.7 mL) was then added to provide a lock signal for
shimming, and the mixture was sonicated until homogeneous.
Solvent-suppressed 'H NMR spectra were collected using a
180° water selective excitation sculpting with default parame-
ters and pulse shapes. Spectra were collected using selective

pulses of 1 ms with the transmitter frequency set to the center
of the solvent resonance.

Solid-state NMR experiments were performed using a Bruker
Avance III HD Ascend 600 MHz NMR spectrometer equipped
with a triple-resonance (HXY) DNP probe that was operated in
dual-mode "H-*'P at a resonance frequency of 243 MHz for *'P.
Samples were packed into 3.2 mm ZrO, rotors inside an N-
filled glovebox. Experiments were carried out at magic angle
spinning frequencies of 15 kHz at room temperature. Quantita-
tive multi-CP experiments were acquired with total CP-
durations of 11 ms, comprised of 0.1 ms pulses. Recycle delays
were set from 2-3 s and spectra were acquired with 12k scans.
Chemical shifts were externally calibrated to tri-
phenylphosphine (-6 ppm).

Elemental microanalyses (C, H, N) were performed by Rob-
ertson Microlit Laboratories (Ledgewood, NJ). ICP-OES anal-
yses (P, Ir) were conducted by the Trace Element Research La-
boratory at The Ohio State University (Columbus, OH).

Synthesis of MIL-101(Al)-NHz. MIL-101(Al)-NH, was
synthesized following a slightly modified literature procedure.*
Briefly, 2-aminoterephtalic acid (1.09 g, 6.0 mmol) was dis-
solved in 240 mL of DMF and heated to 110 °C in an oil bath.
Solid AICl3-6H,0 (2.9 g, 12.0 mmol) was added in 14 equal
portions (~200 mg each) every 15 minutes with slow stirring.
Following the final addition, the reaction mixture was stirred
slowly for an additional 3 h, and then left overnight without stir-
ring at 110 °C. The resulting solid was filtered and washed with
DMF (60 mL) and ethanol (60 mL) before being subjected to
Soxhlet extraction with ethanol for 24 h. The solid was then fil-
tered and washed with additional ethanol (20 mL) and dried in
vacuo at 100 °C for 12 hours. Digested 'H NMR (600 MHz,
CsF/D,O/DMSO-ds): § 7.56 (d, 1H, 3Jun = 8.21 Hz), 7.02 (s,
1H), 6.88 (dd, 1H, 3Jyu = 8.21 Hz, “Jy.u = 1.21 Hz)

Synthesis of hydroxymethyldiphenylphosphine
(Ph:P(CH:0R)), bis(hydroxymethyl)phenylphosphine
(PhP(CH:0H)>) and bis(hydroxymethyl)cyclohex-
ylphosphine (CyP(CH:0H)z). The hydroxymethyl phosphine
precursors were prepared according to the following general
procedure adapted from the literature.®' A 20 mL scintillation
vial was charged with paraformaldehyde (0.546 g, 18.2 mmol).
The corresponding phosphine (Ph,PH: 2.0 g, 18.2 mmol,
PhPH>: 1.0 g, 9.1 mmol; CyPH,: 1.06 g, 9.1 mmol) was added,
and the reaction mixture was heated at 100 °C for 1 h with rapid
stirring to yield a colorless oil. After cooling to room tempera-
ture, the oily products were triturated with pentane (10 mL)
multiple times until a crystalline solid was formed. The solids
were dried in vacuo to provide the corresponding hydroxyme-
thyl phosphines in 75-85 % yield. The NMR spectroscopic data
below are consistent with that reported in the literature.

Ph.P(CH:0H): 'H NMR (400 MHz, CDCls): § 7.50 (m, 4H),
7.37 (m, 6H), 4.42 (m, 2H), 1.45 (m, 1H); >'P{'"H} NMR (162
MHz, CDCL): 6 -9.1 (s); PhP(CH20H):: 'H NMR (400 MHz,
CDCl3): 6 7.63 (m, 2H), 7.40 (m, 3H), 4.48 (m, 4H), 2.69 (m,
2H); *'P{'H} NMR (162 MHz, CDCL): & -14.8 (s);
CyP(CH20H)2: 'H NMR (400 MHz, CDCl5): § 4.26 (m, 4H),
3.18 (m, 4H), 2.35 (m, 2H), 1.81 (m, SH), 1.31 (m, SH); *'P{'H}
NMR (162 MHz, CDCl;): Cy: 6 -11.4 (s).

Postsynthetic phosphination of MIL-101(Al)-NH: and
IRMOF-3 with Ph,P(CH:OH), PhP(CH:OH):, or
CyP(CH20H).. Activated samples of MIL-101(Al)-NH, (0.20
g, 0.30 mmol) or IRMOF-3 (0.15 g, 0.18 mmol) were trans-
ferred to a 20 mL scintillation vial and suspended in anhydrous



acetonitrile (10 mL). A 0.1 M stock solution of the correspond-
ing phosphine precursor was prepared in acetonitrile and the de-
sired amount (0.1-1.0 equiv. per amine site) was added to the
MOF suspension. This mixture was gently stirred at 70 °C over-
night. The supernatant was decanted, and the solid product was
washed with acetonitrile (3 x 10 mL) before being dried in
vacuo. The phosphinated MOFs were then activated at 60 °C
under vacuum for 12 h prior to gas adsorption measurements
and metalation.

Metalation of MIL/IRMOF-PPh;-x, MIL/IRMOF-PPh-x,
and MIL/IRMOF-PCy-x with [Ir(OMe)(cod)]2 or
[IrCl(cod)]2 An activated sample of the phosphinated MOF
(0.15 g) was transferred to a 20 mL scintillation vial and sus-
pended in THF (10 mL). A 0.1 M stock solution of
[Ir(OMe)(cod)], or [IrCl(cod)], was prepared in THF, and an
amount corresponding to 1 equiv. of Ir per phosphine was added
to the MOF suspension. The mixture was gently stirred at 45 °C
for 12 h, resulting in a slow dissipation of the yellow color from
the supernatant solution. The colorless supernatant was then de-
canted, and the solid was washed with THF (3 x 10 mL) before
being dried in vacuo. The metalated MOFs were activated at 45
°C under vacuum for 12 h prior to gas adsorption measurements
and catalysis.

Synthesis of Homogeneous Phosphine Analogues
Ph2P(CH:NH-bdc™), PhP(CH:2NH-bdc™*),, and
CyP(CH:NH-bdcM®)2. A 20 mL scintillation vial was charged
with dimethyl 2-aminoterephthalate (50 mg, 0.23 mmol) and
dissolved in benzene (5 mL) with slight heating. A solution of
the corresponding hydroxymethyl phosphine precursor (0.23
mmol of  Ph,P(CH,OH) or 0.12 mmol of
PhP(CH,OH),/CyP(CH,OH),) in benzene (2 mL) was then
added to the vial. A catalytic amount of tosylic acid (<1 mg)
was added to the reaction mixture. The vial was sealed and the
reaction mixture was stirred at 80 °C for 12 h. The reaction pro-
gress was monitored in situ by 3'P{'H} NMR spectroscopy to
ensure full conversion of the starting material. The solvent was
subsequently evaporated in vacuo to give the crude product as
a dark yellow residue.

For Ph2P(CH2NH-bdc™®), the crude product was lyophilized
from benzene to produce a light yellow solid. The solid was
washed with cold pentane (3 x 5 mL) and dried in vacuo to yield
a light yellow solid (80 % yield). '"H NMR (400 MHz, C¢Ds): &
8.39 (brs, 1H), 7.95 (d, 1H, *Ju.u = 8.30 Hz), 7.83 (d, 1H, “Jy.u
=1.62 Hz), 7.43 (dd, 1H, *Jun = 8.30 Hz, *Jun = 1.62 Hz), 7.41
(m, 4H), 7.04 (m, 6H), 3.76 (t, 2H), 3.48 (s, 3H), 3.27 (s, 3H);
3IP{'H} NMR (162 MHz, C¢De):  -18.1 (s)

For PhP(CH2NH-bdc™®),, the crude product was dissolved
in diethyl ether (4 mL), and pentane (8 mL) was added. The
mixture was then placed in a -20 °C freezer for 1 h, resulting in
precipitation of a very pale yellow solid. The solid was collected
by filtration, washed with cold pentane (3 x 5 mL), and dried in
vacuo to yield the product as a light yellow solid (50 % yield).
"H NMR (400 MHz, C¢Ds): 8 8.27 (br s, 2H), 7.93 (d, 2H, *Jun
=8.25 Hz), 7.73 (d, 2H, *Jus = 1.64 Hz), 7.42 (dd, 2H, 3Juu =
8.25 Hz, *Ju.n = 1.64 Hz), 7.39 (m, 2H), 7.07 (m, 3H), 3.50 (m,
4H), 3.49 (s, 6H), 3.33 (s, 6H); *'P{'"H} NMR (162 MHz, CsDs):
5-28.4(s)

For CyP(CH2NH-bdc™*),, the crude product was washed
with pentane (3 X 5 mL) to remove a dark yellow impurity, dis-
solved in diethyl ether (6 mL), and placed in a -20 °C freezer
for 1 h resulting in precipitation of an light yellow solid. The
solid was collected by filtration, washed with cold pentane (3 x

5 mL) and dried in vacuo to yield a light yellow solid (60 %
yield). '"H NMR (400 MHz, C¢Ds): & 8.32 (br s, 2H), 7.96 (d,
2H, Juu = 8.23 Hz), 7.74 (d, 2H, *Jun = 1.53 Hz), 7.43 (dd,
2H, *Jyu = 8.23 Hz, *Juu = 1.53 Hz), 3.49 (s, 6H), 3.38 (s, 6H),
3.33 (m, 4H), 1.77-1.47 (m, 5H), 1.28-1.02 (m, 6H); *'P{'H}
NMR (162 MHz, C¢De): 6 -20.5 (s)

Metalation of Homogeneous Phosphine Analogues with
[Ir(OMe)(cod)]2 or [IrCl(cod)]z. A 20 mL scintillation vial
was charged with Ph,PCH,NH-bdc™¢, PhP(CH,NH-bdc¥e),, or
CyP(CH,NH-bdc™®), (0.05 mmol) and dissolved in CH,Cl, (2
mL). A solution of [Ir(OMe)(cod)], or [IrCl(cod)], (0.025
mmol) in CH,Cl, (1 mL) was added to the vial, causing an im-
mediate color change from light yellow to dark red-brown. The
reaction mixture was stirred at room temperature and monitored
by in situ 3'P{'H} NMR spectroscopy to ensure complete con-
version of the starting materials. The solvent was removed in
vacuo and the resulting products were characterized without
further purification.

Catalytic Borylation of Neat Arene Substrates. In a typical
procedure, stock solutions of hexamethylbenzene (200 mM, in-
ternal standard) and B,pin, (200 mM) were prepared in the
arene substrate. Using a syringe, 0.66 mL of each stock solution
was transferred to a 1-dram vial along with 0.68 mL arene sub-
strate to reach a total volume of 2 mL and B,pin, concentration
of 66 mM. This mixture was then transferred to a 1-dram vial
containing the MOF or homogeneous catalyst (2 mol % iridium
with respect to Bopiny), and the vials were sealed with a Teflon-
lined screw cap. The reaction mixtures were stirred at 100 °C
for 20-44 h. Aliquots of the reaction mixtures (10 uL) were re-
moved at varying time points, diluted with CH>Cl,, filtered over
Celite, and characterized by GC-FID. Turnover numbers per Ir
were calculated using response factors (RF) determined by us-
ing quantitative '"H NMR spectroscopy and GC-FID for authen-
tic samples of the borylated products (see Figure S62 for addi-
tional details).

Catalytic Borylation of Toluene in Cyclohexane or Diox-
ane Solvent. Stock solutions of hexamethylbenzene (200 mM,
internal standard) and B;pin, (200 mM) were prepared in cyclo-
hexane or dioxane. Using a syringe, 0.66 mL of each stock so-
lution was transferred to a 1-dram vial along with 0.12 toluene
substrate and 0.56 mL solvent to reach a total volume of 2 mL.
The final concentrations were 528 mM toluene, and 66 mM
Bspin,. The solutions were then transferred to a 1-dram vial
containing the MOF catalyst (4-6 mg, 2 mol % iridium with re-
spect to Bopiny), and the vials were sealed with a Teflon-lined
screw cap. The reaction mixtures were stirred at 100 °C for 44
h. Aliquots of the reaction mixtures (10 pL) were removed at
varying time points, diluted with CH,Cl,, filtered over Celite,
and characterized by GC-FID.

Recyclability studies. A 1-dram vial was charged with MIL-
PCy-0.1-Ir (2 mol % Ir), and the borylation reaction was pre-
pared as described in the typical procedure. After 20 h, an ali-
quot (10 pL) of the reaction mixture was removed for GC-FID
analysis, and the MOF catalyst was separated by filtration
through a 0.45 pm PTFE syringe filter. The MOF was washed
with toluene (3 x 3 mL) before being resubjected to identical
catalytic reaction conditions as described above. (Figure S42)

Catalyst lifetime studies. A 1-dram vial was charged with
MIL-PCy-0.1-Ir (2 mol % Ir), and the borylation reaction was
prepared as described in the typical procedure. After 20 h, an
aliquot (10 pL) was removed for GC-FID analysis. An addi-
tional 50 equivalents of B,pin, was immediately added to the



reaction mixture, which was then left to stir for an additional 20
h. This process was repeated, after which the reaction was con-
tinued for a total of 108 h. (Figure S43)

Hot filtration test. Two identical reactions were prepared
following the typical procedure for the catalytic borylation of
toluene under neat conditions as described above. MIL-PCy-
0.1-Ir (2 mol % Ir) was used as the catalyst and the reactions
were heated at 80 °C. After 11 h (~20% yield, 10 TON), the
MOF catalyst was removed from one of the reaction vials by
filtration through a 0.45 pm PTFE syringe filter. The resulting
solution was transferred to a clean 1-dram vial, sealed with a
Teflon-lined cap, and heated at 80 °C. No further substrate con-
version or product formation was observed after the hot filtra-
tion (Figure S41).

Control  reaction with MIL-101(Al)-NH:  and
[Ir(OMe)(cod)]2. MIL-101(AI)-NH, (0.021 g, 0.03 mmol) was
suspended in THF (6 mL) in a 20 mL scintillation vial.
[Ir(OMe)(cod)]> (0.030 g, 0.05 mmol) was dissolved in THF
(~2 mL) and added to the MOF suspension. The resulting mix-
ture was gently stirred at 45 °C overnight. After cooling to room
temperature, the supernatant was decanted and the resulting
solid was dried in vacuo. This material was then screened as a
catalyst for toluene borylation according to the procedure de-
scribed above. During the catalytic reaction, dark black parti-
cles formed in the reaction solution immediately upon heating,
indicated the presence of iridium nanoparticles. No formation
of borylated toluene products was observed by GC-FID (Table
1, entry 11).
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