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ABSTRACT: Dirhodium(II,II) paddlewheel catalysts were evaluated in silyl-
hydrogen insertion reactions of aryl diazo compounds generated from o-nosyl
hydrazones. The high reactivity of aryl diazo compounds necessitates their in situ
generation from sulfonyl-protected hydrazones. Herein, we describe our efforts to
evaluate this transformation utilizing Rh(II) catalysts, including those with
tethered, axially coordinating ligands. The heteroleptic catalyst, Rh2(OAc)3(2-
OX), provided the highest yield of silanes when dioxane was the solvent.

■ INTRODUCTION
The carbene transfer reaction has greatly increased the
synthetic chemist’s ability to complete various transformations
such as cyclization reactions,1 X−H functionalization (X = C,
N, B, O, S, Si, Ge, Sn, and P),2 and ylide transformations.3 One
of the most broadly used carbene precursors is the diazo
compound, which can be divided into five separate classes
based on the donor and acceptor combination of flanking
substituents. Donor-type diazo compounds, in contrast to
donor−acceptor and acceptor-type diazo compounds, have
had limited impact in carbene transfer reactions due to their
inherent instability.4 As a result, they must be transported and
stored in dilute solutions at low temperatures prior to their
usage.
Due to the unstable nature of donor-type diazos, alternative

precursors have been developed.4a Nondiazo precursors that
produce donor-type carbenes include hydrazones, allenes,
cyclopropenes, cycloheptatrienes, propargyl esters and ethers,
enynes, and enynones. Hydrazones are one of the most
popular precursors because of their controlled decomposition
to diazo, thereby limiting the buildup of reactive species in
solution. Typical conditions of hydrazone decomposition
require moderate base and polar aprotic solvent at elevated
temperatures.5

While donor-type diazos are highly reactive, carbenes
derived from them are very stable, and this inverse relationship
is common between metal carbene and diazos, described as
umpolung reactivity, in which the donor-type diazo compound
is highly nucleophilic while the donor-type metal carbene is
electrophilic. As a demonstration of their stability, donor−
donor carbenes are the only type of carbenes that have been
successfully isolated. A para-methoxy substituted diaryl
carbene was isolated and characterized by Fürstner and co-
workers,6 which was the first report of a crystal structure of any
dirhodium carbene complex. Their umpolung reactivity,
although, means that homocoupling, or formal dimerization,

of diazo compounds is a competing reaction that must be
overcome.
Although the emergence of donor diazo carbene transfer

reactions is relatively new in comparison to other types, they
have been used in carbene transfer reactions, such as Si−H
insertion reactions. A disclosure from Liu et al. in 2017
reported the insertion of donor-type carbenes into Si−H, Ge−
H, and Sn−H bonds.7 However, these transformations were
performed at a high 30% catalyst loading with silver(I) triflate.
The silver(I) triflate catalyst proved tolerant of many
functional groups while smoothly inserting into the group 12
atom hydrogen bond in high yield, but aliphatic hydrazones
failed to convert into the desired silane by this method. The
following year, Wang et al. reported Si−H, Ge−H, and Sn−H
insertions utilizing an iron porphyrin catalyst.8 This was
achieved with 2 mol % catalyst loading and showcased
insertion into primary, secondary, and tertiary Si−H bonds at
high temperatures. In 2018, Liu et al. published a Pd(0)-
catalyzed Si−H insertion from N-tosylhydrazones and
demonstrated a broad scope with broad functional group
tolerance but also required high temperatures to proceed.9

Diazo-mediated insertion reactions into Si−H reactions have
a long history dating back to the seminal report of diazoalkane
insertion into organosilanes in 1963.10 Doyle was the first to
report Rh(II) catalyzed Si−H insertion,11 and others12 such as
Landais,13 Hashimoto,14 and Ball15 have followed with
advancements in Rh(II)-catalyzed Si−H insertion, often
using donor/acceptor diazo compounds as carbene precursors
and obtaining products with good to excellent diastereo- and
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enantioselectivity. Although Rh(II) paddlewheel complexes are
used quite prevalently for insertion reactions, few reports of
Si−H insertion with donor-type diazo compounds using
Rh(II) paddlewheel complexes have been reported. Recently,
donor/donor diazo compounds have been reported for chiral
Si−H insertion reactions16 using a chiral homoleptic rhodium
catalyst in tandem with silicon-stereogenic silanes to promote
selectivity (Figure 1a),16a but reports of good performance of

Rh(II) catalysts with donor-type carbenes are rare. In our
previous work, we described Rh(II) paddlewheel complexes
with tethered, axially coordinated ligands (TACLs) as efficient
Si−H insertion catalysts with donor/acceptor diazo com-
pounds (Figure 1b).17 In our studies, we noticed higher yields
for electron rich aryl diazo acetates and were intrigued by the
possibility of expanding Si−H insertion using Rh(II) TACLs
complexes to donor-type carbenes. In addition, the ability of
Rh(II) catalysts to perform reactions at low catalyst loadings18

and mild reaction conditions14 prompted us to further study
their utility in this reaction. The benzyl silanes that result from
the insertion reaction are useful as chiral auxiliaries19 and as
intermediates in the synthesis of biologically active com-
pounds,20 so their mild and efficient synthesis is important.

■ RESULTS AND DISCUSSION
We began our reaction optimization by screening solvents with
the nosyl-protected aryl hydrazone (4a),7 1.5 equiv of sodium
hydride, 5 mol % of our previously developed catalyst,
Rh2(OAc)3(MeTOX) (1), and 5 equiv of dimethylphenylsi-
lane at 25 °C for 24 h. The thioether tethered catalyst
converted the hydrazone to the desired silane in only 12%
yield in dichloromethane (Table 1, entry 1). The use of

acetonitrile as the reaction solvent increased the yield to 20%
yield, while a 10% yield was obtained in tetrahydrofuran
(Table 1, entries 2 and 3). We then evaluated 1,2-
dichloroethane as the reaction solvent and found that it was
also a poor solvent to facilitate this transformation (7% yield,
Table 1, entry 4). Switching to 1,4-dioxane, however, resulted
in a vast increase in yield to 60% (Table 1, entry 5). We then
turned our attention to screening other bases. The use of
potassium tert-butoxide slightly decreased the yield to 56%
compared to sodium hydride (Table 1, entry 6). Cesium
carbonate produced results similar to those of potassium tert-
butoxide, producing 57% yield of the desired product (Table 1,
entry 7). Sodium hexamethyldisilazane (NaHMDS) facilitated
the degradation of the hydrazone starting material to the
reactive diazo intermediate best, and the yield of the desired
product was further increased to 71% (Table 1, entry 8).
Increasing the reaction temperature did not have a positive
effect on the yields of the insertion reaction. When the reaction
was performed at 40 °C, the yield decreased by 11% (60%
yield; Table 1, entry 9). A further 10% reduction of yield was

Figure 1. (a) Enantioselective Rh(II)-catalyzed Si−H insertion with
diaryl carbenes and (b) Si−H insertion catalyzed by dirhodium
complexes with tethered axially coordinated thioether ligands.

Table 1. Reaction Optimizationa

entry R [Rh] cat base solvent
temp
(°C)

yield
(%)b

1 Ns 1 NaH CH2Cl2 25 12
2 Ns 1 NaH ACN 25 20
3 Ns 1 NaH THF 25 10
4 Ns 1 NaH DCE 25 7
5 Ns 1 NaH dioxane 25 60
6 Ns 1 tBuOK dioxane 25 56
7 Ns 1 Cs2CO3 dioxane 25 57
8 Ns 1 NaHMDS dioxane 25 71
9 Ns 1 NaHMDS dioxane 40 60
10 Ns 1 NaHMDS dioxane 80 50
11 Ns 2 NaHMDS dioxane 25 67
12 Ns Rh2(OAc)4 NaHMDS dioxane 25 74
13 Ns 3 NaHMDS dioxane 25 78
14 Ts 3 NaHMDS dioxane 25 15
14c Ns Rh2(OAc)4 NaHMDS dioxane 25 11
15c Ns 3 NaHMDS dioxane 25 11
16c Ns 1 NaHMDS dioxane 25 29

aReaction conditions: 4a or 4a’ (0.065 mmol), base (0.098 mmol),
dimethylphenylsilane (0.33 mmol), Rh cat (5.0 mol %) in solvent
(1.25 mL) for 24 h. bYields determined by 1H NMR with reference to
mesitylene as an internal standard. cPerformed with 2.0 mol %
catalyst.
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experienced when the temperature was elevated to 80 °C (50%
yield, Table 1, entry 10). Rh(II) paddlewheel complexes can
be unstable in alkaline conditions,21 so it is possible that higher
temperatures promoted degradation of the Rh(II) catalyst,
thereby reducing yields. Other Rh(II) catalysts with and
without TACLs were also tested. Changing the substituent on
the thioether to phenyl by using Rh2(OAc)3(PhTOX) (2)
slightly reduced the yield by 4% (67% yield, Table 1, entry 11).
The benchmark Rh(II) catalyst Rh2(OAc)4, however,
improved the yield to 74% (Table 1, entry 12) and the
heteroleptic complex Rh2(OAc)3(2-OX) (3) further increased
the yield to 78% (Table 1, entry 13). When N-tosyl hydrazone
4a’ was used with complex 3, the product was obtained in only
15% yield. This is likely due to the relatively difficult
decomposition of N-tosyl hydrazones, especially at lower
temperatures.22 The optimization studies here show that the
combination of dioxane as the solvent and NaHMDS as the
base had a greater impact on the reaction than the catalyst. It is
worthy to note that when the catalyst loading was lowered to 2
mol %, Rh2(OAc)3(MeTOX) (1) outperformed both
Rh2(OAc)4 and Rh2(OAc)3(2-OX) (3) (Table 1, compare
entries 14−16).
Dioxane has been the solvent of choice for many Bamford-

Stevens degradations of N-sulfonyl hydrazones in various
Rh(II)-catalyzed transformations, and 1,4-dioxane has been the
optimal solvent to facilitate the Bamford−Stevens degradation
of a hydrazone to the reactive diazo in situ.23 We were also
interested in investigating whether solvent interactions, at axial
sites of the catalyst or with the rhodium carbene intermediate,
could be playing a role in the results. Axial coordination of
solvents in donor-type carbene insertion reactions can have an
impact on reaction outcomes,24 and ethereal solvents have
been previously used in carbene transfer reactions as both a
solvent and a reactant.25 For example, in the pursuit of
macrocycles, Lacour et al. used 1,4-dioxane as both a solvent
and reactant and proposed that the 1,4-dioxane attacks the
Rh(II)- carbene, thereby releasing the catalyst and forming a
free ylide.23d This ylide then experiences a [3 + 6 + 3 + 6]
cyclization with another free ylide to form the desired
macrocycle. This mechanism was confirmed with in situ IR
and UV−vis titration experiments, which also determined that
the reactive rhodium catalyst species in solution had 1,4-
dioxane coordinated at one axial site.26 We envisioned a new
rhodium complex with tethered ethereal ligands to investigate
the potential for 1,4-dioxane axial coordination and interaction
with the transient Rh(II)-carbene in our conditions.
Ring opening of phthalic anhydride with tetrahydrofurfuryl

amine 6 produced THF carbamoylbenzoic acid (THFCB) 7 in
a straightforward manner in 83% yield (Figure 2a). The same
reaction with dioxanylmethanamine 8 provided dioxanyl
carbamoylbenzoic acid (DXCB) 9 in 43% yield. Compounds
7 and 9 were then used in ligand exchange reactions with cis-
Rh2(OAc)2(tfa)2 1027 to produce cis-Rh(OAc)2(THFCB)2
complex 11 and cis-Rh(OAc)2(DXCB)2 complex 12 in good
to excellent yields (Figure 2b). Displacement of the tfa
bridging ligands in 10 occurs more readily than acetates, so
subsequent ligand exchange produces solely cis-substituted
Rh(II) complexes.27,28 The disubstituted complexes 11 and 12
were targeted in order to have the potential for axial
interactions at both sites of the Rh(II) complex to better
mimic the influence of dioxane and THF as solvents. Even
though coordination to both axial sites can reduce catalytic
activity, ethereal groups generally form weak adducts with

Rh(II) paddlewheel complexes29 due to a hard−soft acid−base
mismatch,30 suggesting that the incorporation of ligands 7 and
9 should still allow for sufficient reactivity. It should also be
noted that since ligands 7 and 9 are racemic, their respective
complexes form matched or mismatched diastereomeric
mixtures when exchanged (RR/SS and SR/RS). Indeed, 13C

Figure 2. (a) Synthesis of THF carbamoylbenzoate (THFCB) ligand
7 and dioxanylcarbamoylbenzate (DXCB) ligand 9. (b) Ligand
exchange of 7 and 9 with Rh2(OAc)2(tfa)2 complex 10 to produce cis-
Rh2(OAc)2(THFCB)2 complex 11 and cis-Rh2(OAc)2(DXCB)2
complex 12.
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NMR shifts of the complexes show pairs of signals of equal
intensity that signify the presence of diastereomers (see the
Supporting Information).31

Complexes 11 and 12 were subsequently used in the model
Si−H insertion reaction using DCM as the solvent to evaluate
the influence of the tethered axial ligands. Complex 11
produced silyl product 5a in a good yield (63% yield, Figure
3). By contrast, incorporation of the tethered dioxane in

complex 12 provided 5a in only 40% yield. The reversal of the
tethered ligands with their respective performance as solvents
could indicate that the role of dioxane precludes interaction at
both axial sites to maximize yields. Although THF is
considered a better inhibitor of diazo-mediated carbene
transfer reactions,32 tethering the THF tempers its inhibitory
qualities. The results with complex 11 was only comparable to
the 60% yield achieved with Rh2(OAc)4 in the same
conditions, which indicates that ether-like axial coordination
at both axial sites have minimal influence in the reaction
studied here.
We moved forward to investigate the scope of reactivity with

nosyl-protected, para-substituted aryl hydrazones 4a−h to
evaluate the functional group tolerance and electronic effects of
this substitution (Figure 4). Since yields of the model reaction
were comparable between Rh2(OAc)4 and Rh2(OAc)3(2-OX)
complex 3 (Table 1 compare entries 12 and 13) and tethered
complex 11, it was more convenient to avoid synthetic steps
and use the commercially available Rh2(OAc)4 for the reaction.
However, when the synthesis of 5b, 5c, and 5d was attempted
with Rh2(OAc)4, yields were lower than expected (Figure 4).
Only 14% yield was obtained for 5b, trace yield for 5c, and
41% yield for 5d. Yields improved for those substrates with
Rh2(OAc)3(2-OX) complex 3, so complex 3 was used to
evaluate the rest of the substrates. The electron releasing para

Figure 3. Synthesis of 5a catalyzed by complexes 11 and 12 compared
with Rh2(OAc)4. Yields were determined by 1H NMR and are an
average of 2 runs.

Figure 4. Substrate scope with respect to N-nosylhydrazones and silanes. Yields were determined by 1H NMR with reference to a dimethyl
carbonate or b dimethyl sulfone as the internal standard.
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methoxy substituent negatively affected the conversion of the
diazo compared to the model system, with only a 21% yield of
5b obtained with complex 3. This could be due to the further
stabilization of the carbene intermediate by the methoxy
group, resulting in decreased reactivity of the carbene.
Likewise, substitution of the model substate with a para
hydroxy group greatly suppressed the conversion to silane 5c
(12% yield with 3, Figure 4) and had a more complex product
distribution. The side products were not analyzed, but the
competitive and relatively facile O−H insertion reaction is
suspected to be partly responsible for the low yield.
Halogenated substrates fared much better, with the para-
fluoro-substituted hydrazone substrate affording 76% of silane
product 5d using complex 3. The para chloro substituted
hydrazone afforded 70% of silane product 5e and an 18:1 ratio
of 5e:13. While formal diazo homocoupling product 13 was
not observed in the model reaction, it was detectable in the
production of 5e and other reactions studied in Figure 4,
which likely contributed to lower yields. The substrate with the
para cyano substituent afforded a 46% yield of the silane
product 5f along with formation of the homocoupling product
13 in a 5.6:1 ratio of 5f:13. The cyano group can also axially
coordinate and potentially poison the catalyst or slow the rate
of reaction.34 The electron-withdrawing para-nitro substituent
also gave fair yields, affording 48% of silane product 5g. Again,
the presence of the product from diazo homocoupling was
observed by 1H NMR in a 12:1 5g:13 ratio. The para methyl
substituent afforded a comparable yield of silane 5h when
compared to the model substrate (75% yield, Figure 4). Other
silanes were also evaluated in the reaction. The reaction with
4a and cyclohexyl(dimethyl) silane afforded its respective
insertion product smoothly in 80% yield. There was a drop in
yield when more sterically demanding silanes 5j and 5k were
used, resulting in 27 and 39% yields, respectively (Figure 4).

■ CONCLUSIONS
In summary, we have found that nosyl-protected hydrazones
coupled with NaHMDS as a base and dioxane as the solvent
are suitable conditions to facilitate Rh(II)-catalyzed Si−H
insertion reactions. Rh2(OAc)3(2-OX) (3) was the optimal
catalyst based on product yield when compared to other tested
catalysts, although rhodium catalyst 1 with TACLs was better
at lower catalyst loading. The combination of base and solvent
had the greatest positive effect on this transformation, and
elevated temperatures had a negative impact on the trans-
formation. Lastly, the transformation was sensitive to the
functional group change at the para position. Rh(II)-catalyzed
Si−H insertions with hydrazones as diazo precursors often
suffer from low yields,7 but the promising results of this study
highlights that with the right conditions, Rh(II) catalysts are
viable in Si−H insertions with hydrazone protected donor
diazo compounds. The investigation of Rh(II) complexes with
tethered axial coordination hints at a minimal effect of axial
coordination for producing good yields. However, the ease of
synthesis of complexes and the interesting role reversals
between solvent and tethered axial ligand begs further
inspection of tethered oxygen ligand coordination33 in
Rh(II)-catalyzed reactions in future studies. The development
of more of these complexes and strategies to broaden the scope
of Si−H insertion reactions is underway in our laboratory.

■ EXPERIMENTAL SECTION
Materials and Methods. Unless otherwise noted, all

reagents were purchased and used as received from the
manufacturer without further purification. Complexes
Rh2(OAc)3(MeTOX) (1),35 Rh2(OAc)3(PhTOX) (2),36

Rh2(OAc)3(OX) (3),17 and Rh2(OAc)2(tfa)2 (10)27 were
synthesized via established literature procedures. 1,2-Dichloro-
ethane (DCE), dichloromethane (DCM), tetrahydrofuran
(THF), 1,4-dioxane, and acetonitrile (ACN) were used as
received from vendors unless otherwise noted. Column
chromatography was performed using 60 Å, 40−63 μm silica
from Sorbent Technologies. 1H and 13C NMR spectra were
recorded on Varian Mercury Vx 300 MHz or Bruker AVANCE
NEO 500 MHz spectrometers. All 1H and 13C NMR chemical
shifts are reported in parts per million on the δ scale. Signals
were referenced by the residual solvent signal for 1H NMR
(CHCl3 = 7.26 ppm, DMSO = 2.50 ppm, CD3CN = 1.94
ppm) and 13C NMR (CHCl3 = 77.16 ppm, DMSO = 39.52
ppm, CD3CN = 1.32 ppm). The mass spectra for compounds
were obtained using an AccuTOF Mass spectrometer equipped
with a direct analysis in real time (DART) ionization
apparatus. The mass spectra for complexes 11 and 12 was
obtained using a Water SYNAPT G2-Si MALDI-TOF Mass
Spectrometer. Elemental analyses were performed by Atlantic
Microlab (Norcross, GA). Hydrazones 4a, 4a’, 4b, and 4d−h
were made from established literature procedures.37

N-(4-Hydroxybenzylidene)-2-nitrobenzenesulfono-
hydrazide (4c). 4-Hydroxybenaldehyde (300 mg, 1.38 mmol)
was added to a 25 mL round-bottom flask fitted with a
magnetic stirbar and dissolved in ethanol (0.7 mL). 2-
Nitrobenzenesulfonohydrazide (177.1 mg, 1.45 mmol) and
acetic acid (3.95 μL, 69.1 μmol) were then added sequentially,
resulting in a brown solution. The round-bottom flask was then
fitted with a septum and vented with a needle. The solution
was stirred at ambient temperature for 2 h at which point the
solution turned orange. The volume of the solution was
reduced in vacuo. Hexanes (3 mL) were added to the residue
to precipitate an orange solid that was filtered and further
rinsed with hexanes to obtain the pure product (410.7 mg, 93%
yield). 1H NMR (DMSO-d6, 500 MHz): δ 11.78 (s, 1H, S−
NH−N), 9.90 (s, 1H, −OH), 8.04−8.03 (m, 1H, Ar−H),
8.01−7.97 (m, 1H, Ar−H), 7.96 (s, 1H, N�CH−), 7.90−7.85
(m, 2H, Ar−H), 7.40 (d, 2H, J = 8.7 Hz, Ar−H), 6.76 (d, 2H, J
= 8.7 Hz, Ar−H). 13C{1H} NMR (125 MHz, DMSO-d6): δ
159.6, 148.2, 147.9, 134.6, 132.5, 131.1, 130.4, 128.7, 124.4,
124.4, 115.6. Anal. Calcd for C13H11N3O5S: C, 48.60; H, 3.45;
N, 13.08; S, 9.98. Found: C, 49.65; H, 3.52; N, 12.43; S, 9.57.

General Procedure for Si−H Insertion. Hydrazone (0.75
mL from a 0.09 M stock solution, 0.065 mmol) was added in
one portion to a 2−5 mL microwave reaction vial fitted with a
magnetic stir bar. Base (0.098 mmol) was then added, and the
mixture was stirred for approximately 5 min. Silane (0.328
mmol) and rhodium catalyst (0.5 mL from a 0.0065 M stock
solution, 5 mol %) were added sequentially in that order. The
vial was immediately capped, crimped, and placed in a
preheated aluminum well plate set to 25 °C. The reaction
mixture was stirred for 24 h and then filtered through a 1 cm ×
0.5 cm column of silica gel to remove Sulphone salt using
DCM (25 mL) to elute the material into a 50 mL round-
bottom flask. Excess solvent was removed by rotary
evaporation and the crude material was dissolved in chloro-
form-d. Mesitylene (0.065 mmol), dimethyl carbonate (0.065
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mmol), or dimethyl sulfone (0.065 mmol) was added as an
internal standard. Yields were obtained via 1H NMR. Chemical
shifts of known products matched what was reported in
literature.38

Silyl Product Yield Calculations. Normalized integration
of the methyl proton signal of mesitylene (2.28 ppm), dimethyl
carbonate (3.79 ppm), or dimethyl sulfone (3.00 ppm) was
compared to the integration of the protons assigned to the
methylene of the silane products.

4-((Dimethyl(phenyl)silyl)methyl)phenol (5c). Yield
12%; colorless oil; 1H NMR (CDCl3, 500 MHz): δ 7.46−
7.44 (m, 2H, Ar−H), 7.36−7.32 (m, 3H, Ar−H), 6.79 (d, 2H,
J = 8.6 Hz, Ar−H), 6.83 (d, 2H, J = 8.6 Hz, Ar−H), 2.22 (s,
2H, −CH2−), 0.23 (s, 6H, −CH3). 13C{1H} NMR (CDCl3,
125 MHz): δ 152.5, 138.7, 133.9, 131.8, 129.4, 129.2, 128.7,
127.8, 126.2, 115.2, 25.0, −3.3. HRMS (DART) m/z calcd. for
C15H18OSSi [M]+ 242.1127, found 242.0956.

(4-Chlorobenzyl)dimethyl(phenyl)silane (5e). Yield
70%; colorless oil; 1H NMR (CDCl3, 500 MHz): δ 7.44−
7.42 (m, 2H, Ar−H), 7.37−7.33 (m, 3H, Ar−H), 7.13 (d, 2H,
J = 8.4 Hz, Ar−H), 6.83 (d, 2H, J = 8.4 Hz, Ar−H), 2.26 (s,
2H, −CH2−), 0.25 (s, 6H, −CH3). 13C{1H} NMR (CDCl3,
125 MHz): δ 138.4, 138.1, 133.8, 129.9, 129.7, 129.3, 128.7,
128.3, 127.9, 25.9, −3.42. Anal. Calcd for C15H17ClSi: C,
69.07; H, 6.57. Found: C, 68.79; H, 6.44.

(4-Nitrobenzyl)dimethyl(phenyl)silane (5g). Yield
48%; yellow solid; 1H NMR (CDCl3, 500 MHz): δ 8.02 (d,
2H, J = 8.9 Hz, Ar−H), 7.41−7.33 (m, 5H, Ar−H), 6.99 (d,
2H, J = 8.9 Hz, Ar−H), 2.44 (s, 2H, −CH2−), 0.29 (s, 6H,
−CH3). 13C{1H} NMR (CDCl3, 125 MHz): δ 148.9, 145.2,
137.0, 133.8, 129.7, 128.7, 128.1, 123.7, 27.8, −3.5. HRMS
(DART) m/z calcd. for C15H17NO2Si [M]+ 271.1029, found
271.1084.

2-(((Tetrahydrofuran-2-yl)methyl)carbamoyl)benzoic
Acid (7). A round-bottom flask was equipped with a magnetic
stir bar, and tetrahydrofurfuryl amine 6 (1.02 g, 10.0 mmol)
was added. Ethyl acetate (7 mL) was added and the solution
was stirred. Phthalic anhydride (1.50 g, 10.0 mmol) was added
in portions and the resulting clear, colorless solution was
stirred at 30 °C for 2 h, after which TLC showed that the
reaction was complete. The mixture was concentrated via
reduced pressure, and the residue was recrystallized with ethyl
acetate to obtain compound 7 as a white solid in 83% yield
(2.08 g, 8.34 mmol). 1H NMR (CDCl3, 500 MHz,) δ 8.03 (dd,
J = 8.1, 1.4 Hz, 1H), 7.61−7.54 (m, 1H), 7.54−7.48 (m, 2H),
6.86 (s, 1H), 4.16 (qd, J = 7.3, 3.0 Hz, 1H), 3.87 (m, 2H),
3.83−3.76 (m, 1H), 3.29 (m, 1H), 2.14−2.03 (m, 1H), 1.95
(m, 2H), 1.72−1.60 (m, 1H). 13C{1H} NMR (CDCl3, 126
MHz,) δ: 171.1, 168.3, 136.6, 132.4, 132.3, 130.5, 129.9, 127.9,
77.8, 68.3, 44.3, 28.9, 25.9. Anal. Calcd for C13H15NO4: C,
62.64; H, 6.07; N, 5.62. Found: C, 62.08; H, 6.07; N, 5.47.

2-(((1,4-Dioxan-2-yl)methyl)carbamoyl)benzoic Acid
(9). A round-bottom flask was equipped with a magnetic stir
bar, and dioxanylmethanamine 8 (0.200 g, 1.70 mmol) was
added. Ethyl acetate (1.2 mL) was added and the solution was
stirred. Phthalic anhydride (0.253 g, 1.70 mmol) was added in
portions and the resulting clear, colorless solution was stirred
at 30 °C for 30 min, after which white solids precipitated from
the solution and TLC showed that the reaction was complete.
The residue was recrystallized with ethyl acetate to obtain
compound 9 as a white solid in 43% yield (0.192 g, 0.725
mmol). 1H NMR (500 MHz, CD3CN) δ 7.88 (dd, J = 7.8, 1.4
Hz, 1H), 7.59 (td, J = 7.5, 1.4 Hz, 1H), 7.53 (td, J = 7.6, 1.4

Hz, 1H), 7.47 (dd, J = 7.6, 1.4 Hz, 1H), 6.98 (s, 1H), 3.80 (dd,
J = 11.5, 2.6 Hz, 1H), 3.77−3.61 (m, 4H), 3.52 (td, J = 11.1,
2.8 Hz, 1H), 3.41−3.26 (m, 3H). 13C NMR (126 MHz,
CD3CN) δ: 170.6, 168.2, 138.6, 132.8, 131.3, 130.9, 130.8,
128.8, 74.7, 69.9, 67.4, 67.0, 41.6. HRMS (ESI-TOF) m/z: [M
− H]− Calcd for C13H14NO5 264.0872, Found 264.0869.

cis-Rh2(OAc)2(THFCB)2 (11). To a 20 mL vial with a
threaded top were added Rh2(OAc)2(tfa)2 (40 mg, 0.073
mmol) and 1,2-dichloroethane (DCE, 10 mL). Compound 7
(36 mg, 0.145 mmol) was then added in one portion to the
vial, and the mixture stirred. Diisopropylethylamine (29 mg,
0.224 mmol) was weighed in a separate vial and transferred
with 4 mL DCE. The mixture was stirred at 50 °C for 30 min,
at which point TLC showed that the reaction was complete.
The mixture was concentrated under reduced pressure, and the
residue was purified by column chromatography using 2%
methanol in dichloromethane as the eluent to produce
complex 11 as a green solid in quantitative yield (60 mg,
0.073 mmol). 1H NMR (CD3CN, 500 MHz,) δ 7.48 (d, J = 7.6
Hz, 2H), 7.41 (td, J = 7.5, 1.5 Hz, 2H), 7.35 (td, J = 7.5, 1.4
Hz, 2H), 7.27 (dd, J = 7.5, 1.3 Hz, 2H), 7.05 (dt, J = 12.2, 5.8
Hz, 2H), 3.69 (m, 2H), 3.57 (m, 2H), 3.48−3.37 (m, 2H),
3.21−3.01 (m, 4H), 1.82 (s, 6H), 1.78−1.59 (m, 6H), 1.41−
1.23 (m, 3H). 13C{1H} NMR (CD3CN, 126 MHz) δ: 192.4,
187.2, 170.3, 137.9, 131.0, 129.8, 128.0, 128.8, 128.1, 78.2,
78.2, 68.2, 68.2, 44.6, 44.6, 29.7, 29.6, 26.3, 26.2, 23.7. HRMS
(ESI-TOF) m/z: [M + Na]+ Calcd for C30H34NaN2O12Rh2
843.0120, Found 843.0103.

cis-Rh2(OAc)2(DXCB)2 (12). To a 20 mL vial with a
threaded top were added Rh2(OAc)2(tfa)2 (24 mg, 0.044
mmol) and 1,2-dichloroethane (DCE, 5 mL). Compound 9
(23 mg, 0.087 mmol) was then added in one portion to the
vial, and the mixture stirred. Diisopropylethylamine (23 mg,
0.174 mmol) was weighed in a separate vial and transferred
with 5 mL DCE. The mixture was stirred at 50 °C for 30 min,
at which point TLC showed that the reaction was complete.
The mixture was concentrated under reduced pressure, and the
residue was purified by column chromatography using 2%
methanol in dichloromethane as the eluent to produce
complex 12 as a green solid in 73% yield (27 mg, 0.032
mmol). 1H NMR (500 MHz, CD3CN) δ 7.48 (d, J = 7.6 Hz,
2H), 7.42 (t, J = 7.5 Hz, 2H), 7.37 (t, J = 6.9 Hz, 2H), 7.28 (d,
J = 7.5 Hz, 2H), 7.12 (m, 2H), 3.62−3.47 (m, 7H), 3.45−3.25
(m, 7H), 3.14−2.96 (m, 7H), 1.82 (s, 6H). 13C NMR (126
MHz, CD3CN) δ 192.4, 187.3, 170.5, 170.4, 137.6, 133.8,
131.1, 131.1, 130.1, 128.9, 128.9, 128.1, 128.0, 74.5, 74.5,
70.03, 70.01, 67.03, 66.99, 66.92, 66.90, 41.68, 41.65, 23.7.
HRMS (MALDI-TOF) m/z: [M + Na]+ Calcd for
C30H34NaN2O14Rh2 875.0018, Found 875.0020.
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