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ABSTRACT: Neutral rare-earth-metal monoalkyl complexes and

anionic rare-earth-metal dialkyl complexes with a silicon-linked RareIeTI:ﬂ;
metal alkyl

diarylamido ligand were synthesized and characterized, and their

catalytic activities toward the additions of dialkyl phosphites to T
isocyanates were developed. Reactions of rare-earth-metal trialkyl R'—NCO + H—P\’gsz
complexes RE(CH,SiMe;);(THF), with a silicon-linked diaryl-

amine ligand in n-hexane afforded the neutral rare-earth-metal

monoalkyl complexes LRE(CH,SiMe,)(THF), (RE = Y (1), Er

(2); L = (Me,Si)(2,6-Pr,C4H;N),) in good yields. The dinuclear '
rare-earth-metal chlorides [LRE(u-Cl)(THF),], (RE = Y (3), Er * 0.1 mol% catalyst loadings

(4)) were synthesized by the salt metathesis reaction of H,L, + 21 examples, up to 99% yield

"BuLi, and anhydrous RECl;. Treatment of the rare-earth-metal

chlorides with 4 equiv of LiCH,SiMe; in toluene generated the corresponding discrete heterobimetallic rare-earth-metal dialkyl
complexes LRE(CH,SiMe,),(THF)Li(THF), (RE = Y (5), Er (6)). Further investigation showed that a wide variety of
carbamoylphosphates were efficiently synthesized in high to excellent yields (up to 99%) via the additions of dialkyl phosphites to
various alkyl- and aryl-substituted isocyanates in the presence of 0.1 mol % rare-earth-metal monoalkyl or dialkyl complexes as
catalysts under solvent-free conditions at room temperature within S min, which provided a green and highly efficient method for the
rapid construction of C—P bonds to afford various carbamoylphosphate derivatives.

« Solvent-free
* Room temperature

» Wide substrate scope

Bl INTRODUCTION Scheme 1. Synthetic Methods for Carbamoylphosphate

The formation of C—P bonds to construct organophosphorus Derivatives

compounds, such as hydroxyphosphonates, aminophospho-

nates, phosphaguanidines, and phosphaureas, is of great Schmidt reaction
importance and significance due to their wide application in ]
industrial, agricultural, and medicinal areas.' In contrast to the R—C—P(OR), R'NH RHN—C—CI
a-functional phosphonic acid derivatives, carbamoylphospho-
nates (CPOs) are important scaffolds and synthons and have
attracted wide attention in biomedical and clinical research.” H—P(OR
Further investigation showed that CPOs have an important
antiviral activity by controlling tumor cell proliferation and
dissemination, and they also serve as inhibiters of matrix
metalloproteinases (MMP) associated with a variety of
diseases.” However, the efficient synthesis of CPOs has
remained largely unexplored. It is well-known that common
methods for the preparation of CPO derivatives involve the
Schmidt reaction,” the Arbuzov reaction,® and the substitution
reaction between phosphonoformates and amines (Scheme
1b—d).° Very recently, the reactions of phosphoramides and
alcohols can achieve CPOs via phosphorylation and oxygen-
ation using I, as a catalyst or using "Bu,NI as a catalyst through
an electrochemical method (Scheme 1le).” Among the
aforementioned methods, several reagents, such as acylphosph-

Arbuzov reaction

onates, phosphonoformates, carbamoyl chlorides, and phos-
phoramides, are required for synthesis according to the
literature procedures. In contrast to the commercially available
isocyanates, the addition of dialkyl phosphites to isocyanates is
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regarded as the most straightforward and 100% atom-
economical route for the preparation of CPOs (Scheme 1a),
however, only a limited number of catalytic systems have been
used for this transformation so far.

Strong bases, such as sodium and triethylamine, can
smoothly catalgfze the addition reaction of dialkyl phosphites
to isocyanates.” Kaboudin and co-workers found that 0.1 equiv
of anhydrous calcium chloride as a Lewis base catalyst can
promote the addition reaction to prepare CPOs in moderate
yields (<65%).” Raju et al. developed the silica-supported
Lewis acid catalyst SiO,-CeCl;-7H,0 to synthesize CPOs via
the addition of diethyl phosphite to aromatic isocyanates under
heating or ultrasonication conditions.'® Challenges still exist
despite these recent advances, such as high catalyst loading,
low yields of the desired products, long reaction times, limited
scope of isocyanates, and harsh conditions. Therefore, the
development of highly efficient catalysts for the preparation of
CPOs under mild conditions is still strongly required.

Bridged ancillary ligands have been widely used in rare-
earth-metal complexes because such ligands have a powerful
electronic and steric tuning capability to stabilize highly
electrophilic rare-earth-metal ions, such as phenylene-bridged
bis(f-diketiminate), carbon-bridged bis(thiol), piperazidine-
bridged bis (phenolate), pyridine-bridged bis(arylamido), and
furan- and silylene-bridged ancillary ligands.'" It is reported
that group 4 complexes bearing silylene-bridged cyclo-
pentadiene derivatives have good catalytic activities in
propylene polymerization.'> An yttrium complex with a chiral
silicon-linked amido-indenyl ligand can catalyze the intra-
molecular hydroamination of olefins with high enantioselec-
tivity."> We have found that rare-earth-metal amides with a
silicon-bridged diamido ligand exhibit high catalytic properties
for the cyclotrimerization or cyclodimerization of the
isocyanates.'* These results prompted us to explore the
potential activity of these complexes as catalysts for C—P bond
formation. Herein we will report newly synthesized neutral
rare-earth-metal monoalkyl and anionic rare-earth-metal dialkyl
complexes supported by a silicon-linked diarylamido ligand
catalyze the additions of dialkyl phosphites to various
isocyanates for the green synthesis of the CPO derivatives
with a high efficiency.

B RESULTS AND DISCUSSION

Synthesis and Structures of the Rare-Earth-Metal
Alkyl Complexes and Chlorides. Neutral rare-earth-metal
monoalkyl complexes LRE(CH,SiMe;)(THF), (RE =Y (1),
Er (2); L = (Me,Si)(2,6-Pr,C¢H;N),) were synthesized in
good yields (1, 82%; 2, 80%) by the reactions of the rare-earth-
metal trialkyl complexes RE(CH,SiMe,;);(THF), with an
equimolar amount of the Me,Si-linked diarylamine ligand
H,L via alkane elimination in n-hexane at room temperature
(Scheme 2, path 1). Complexes 1 and 2 are sensitive to air and
moisture and have a good solubility in n-hexane, toluene, and
THF. The 'H NMR (500 MHz, C¢Dg) spectrum of 1 clearly
proves the presence of the Y—CH,SiMe; moiety, exhibiting a
doublet at —0.38 ppm (*Jy_y = 3.5 Hz) due to coupling with
the yttrium ion, which was further confirmed by a doublet at
28.3 ppm (YJy_c = 45.0 Hz) in the “C{'H} NMR (125 MHz,
C¢Dg) spectrum (Figures S1 and S2 in the Supporting
Information). The coupling constants are similar to those
reported for yttrium alkyl complexes."

Single-crystal X-ray analyses revealed that 1 and 2 adopt a
distorted-square-pyramidal coordination geometry, with two

Scheme 2. Synthesis of the Rare-Earth-Metal Alkyl
Complexes and Chlorides
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nitrogen atoms of the ligand and two oxygen atoms of THF
forming the basal plane and a carbon atom of the alkyl species
occupying the apical position (Figure 1). It is interesting that

[
o=l

SSiZ ﬁ
~2

C3

Figure 1. Representative molecular structure of complexes 1 and 2.
Hydrogen atoms and isopropyl groups on phenyl rings are omitted for
clarity. Selected bond lengths (A) and bond angles (deg): for 1, Y1—
N1 2.253(2), YI-N2 2.221(2), Y1-C35 2.395(3), Y1-01 2.390(2),
Y1-02 2.3488(19), N(1)-Y(1)-N(2) 70.60(8), N(1)-Y(1)-
C(35) 119.72(10), N(2)=Y(1)—C(35) 109.76(10), O(1)-Y(1)—
C(35) 89.90(10), O(2)-Y(1)—C(35) 97.10(9); for 2, Erl-N1
2.212(8), Er1—N2 2.175(9), Er1—C35 2.43(2), Er1—01 2.396(8),
Er1-02 2.361(11), N(1)-Er(1)-N(2) 72.0(3), N(1)—Er(1)—
C(35) 102.4(6), N(2)—Er(1)—C(35) 100.6(6), O(1)—Er(1)—
C(35) 97.8(6), O(2)—Er(1)—C(35) 111.4(7).

the two Y—N(amido) bond lengths in 1 are not equivalent:
one is 2.253(2) A, while the other is 2.221(2) A. The same
phenomenon was also observed in the Y—O bond lengths
(2.390(2) A vs 2.3488(19) A). The Y1—C3S bond length of
2.395(3) A is comparable to those in a five-coordinate /-
diketiminato yttrium alkyl complex (2.392(4), 2.394(3) A),"**
however, it is slightly shorter than that in an amidopyridinate-
ligated yttrium alkyl complex (2.421(4) A)."*

The salt metathesis reactions of the ligand H,L with "BuLi in
THF at —78 °C, followed by treatment with 1 equiv of
anhydrous RECI; at room temperature, after workup gave the
centrosymmetric dinuclear rare-earth-metal chlorides [LRE(u-
Cl)(THF),], (RE =Y (3), Er (4)) (Scheme 2, path 2). The
structure of 4 was determined by single-crystal X-ray
diffraction. Although the quality of the structural data of 3 is
not satisfactory, the "H NMR (500 MHz, toluene-dg) spectrum
of 3 clearly proved the existence of the Me,Si-linked dianiline
group coordinated to the yttrium ions in a N,N-bidentate
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fashion (Figure S3). The molecular structure of 4 is shown in
Figure 2. In the dinuclear rare-earth-metal chlorides, each

Figure 2. Molecular structure of complex 4. Hydrogen atoms and
isopropyl groups on phenyl rings are omitted for clarity. Selected
bond lengths (A) and bond angles (deg): Er1—N1 2.220(4), Er1—-N2
2.200(4), Erl-Cl1 2.7182(16), Erl—CI1' 2.7892(15), Erl-Ol
2.369(4), Er1—02 2.424(4), N(1)—Er(1)—N(2) 73.05(14), CI(1)—
Y(1)—CI(35) 73.47(5).

metal ion is coordinated by two nitrogen atoms of the ligand,
two oxygen atoms of THF, and two chlorides in a bridged
form, displaying a distorted-octahedral geometry. Although 4
has a centrosymmetrical structure, the two Er—N(amido)
bond lengths (2.220(4) A vs 2.200(4) A), Er—Cl bond lengths
(2.7182(16) A vs 2.7892(15) A), and Er—O bond lengths
(2.369(4) A vs 2.424(4) A) around the same metal center are
not equal, which is similar to the case observed in 1 and 2.
Treatment of dinuclear rare-earth-metal chlorides with 2
equiv of LiCH,SiMe; in toluene at 0 °C afforded the rare-
earth-metal monoalkyl complexes 1 and 2 in moderate yield
(1, 57%; 2, 59%). Due to the relatively low transformation
efficiency in comparison to the alkane elimination, the
preparation of 1 and 2 adopted path 1 in Scheme 2. When
the amount of LiCH,SiMe; was increased to 4 equiv, the
reactions between the rare-earth-metal chlorides and organo-
lithium LiCH,SiMe; under the same conditions gave the
discrete heterobimetallic rare-earth-metal dialkyl complexes
LRE(CH,SiMe;),(THF)Li(THF), (RE = Y (5), Er (6)) in
64% and 60% yields, respectively (Scheme 2, path 3). As
shown in Figure 3, complexes S5 and 6 are discrete ion-pair
rare-earth-metal dialkyl complexes, containing a bidentate
diamido group [(Me,Si)(2,6-Pr,C¢H;N),], two alkyl groups
CH,SiMej3, and a molecule of THF, forming a five-coordinate
rare-earth-metal anionic species and four-THF-coordinated
lithium cationic species. The coordination geometry of anionic
rare-earth-metal complex $ is not fundamentally different from
that of its neutral counterpart 1. The position of the molecule
of THF in yttrium monoalkyl complex 1 is replaced by an alkyl
group, forming the anionic yttrium dialkyl counterpart S.
However, the bond lengths Y1-N1 2.288(3) A and Y1-N2
2.282(3) A in § are longer than those of 2.253(2) A and
2.221(2) A in 1. Similarly, the bond lengths of Y—C(alkyl)
2.438(3) A and 2.435(4) A in § are much longer than that of
2.395(3) A in 1. The formation of 5 and 6 is similar to the
reactions of [Me,Si(NLiPh),] with RECl,;, followed by
treatment with CpNa to produce the anionic rare-earth-metal
complexes {[Me,Si(NPh),]LnCp,}{Li(DME);} (Ln = Yb,
Sm).'° The Y=N(amido) bond lengths in the range 2.288(3)—
2.282(3) A in 5 are comparable to those in the range

S\03 05
@\Q 2 Lil
02
Si2 g1 N7 04

IS

Figure 3. Representative molecular structure of complexes § and 6.
Hydrogen atoms and isopropyl groups on phenyl rings are omitted for
clarity. Selected bond lengths (A) and bond angles (deg): for 5, Y1—
N1 2.288(3), YI-N2 2.282(3), Y1-C27 2.438(3), YI-C31
2.435(4), Y1-01 2.438(3), N(1)-Y(1)-N(2) 69.51(10), N(1)—
Y(1)—C(31) 108.54(13), N(2)—Y(1)—C(31) 122.88(12); for 6,
Erl1-N1 2.279(6), Er1-N2 2.281(5), Erl—C27 2.411(7), Er1—C31
2.401(12), Er1-O1 2.432(5), N(1)—Er(1)—-N(2) 70.0(2), N(1)—
Er(1)—C(31) 109.1(11), N(2)—Er(1)—C(31) 121.3(6).

2.224(6)-2.318(6) A in [(Tp™?),Y][((Me;Si),N),Y(CH,)-
SiMe,N(SiMe;)] (Tp = tris(pyrazolyl)borate)."”

Catalytic Activity. The catalytic addition of diisopropyl
phosphite to phenyl isocyanate for the preparation of
diisopropyl anilinocarbonylphosphonate was employed as the
model reaction in our initial screening of the newly synthesized
catalysts, and the results are presented in Table 1. It is
remarkable that, in the presence of 2 mol % of complex 1, the
addition product of 7a could be quantitatively obtained in
THF at room temperature within S min (entry 1). Decreasing
the catalyst loading from 2 mol % to 0.1 mol % also afforded 7a
in excellent yields (entries 2—4). When the catalyst loading
was decreased further to 0.05 mol %, the desired product was

Table 1. Optimization of the Reaction Conditions for the
Addition of Diisopropyl Phosphite to Phenyl Isocyanate”

(@]
NCO (”)/O’Pr rt H\ /,u<Q’Pr
©/ F e Bmin ¢ oPr
(0]
7a
entry cat. (mol %) solvent yield (%)°
1 1(2) THF 99
2 1 (1) THE 99
3 1(0.5) THF 99
4 1(0.1) THF 98
5 1 (0.05) THF 47
6 1(0.1) n-hexane 97
7 1 (0.1) toluene 98
8 1 (0.1) Et,0 96
9¢ 1 (0.1) solvent-free 99
10 2 (0.1) solvent-free 95
11 3(0.1) toluene
12 4 (0.1) toluene 0
13 5(0.1) solvent-free 99
14 6 (0.1) solvent-free 94
15 solvent-free 0

“Reaction conditions: ghenyl isocyanate (2.0 mmol), diisopropyl
phosphite (2.0 mmol). “Isolated yields. “The addition sequence was
isocyanate/diisopropyl phosphite/cat. with vigorous stirring under
solvent-free conditions.

https://dx.doi.org/10.1021/acs.organomet.0c00627
Organometallics XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.0c00627/suppl_file/om0c00627_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00627?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00627?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00627?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00627?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00627?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00627?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00627?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00627?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00627?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00627?fig=tbl1&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://dx.doi.org/10.1021/acs.organomet.0c00627?ref=pdf

Organometallics

pubs.acs.org/Organometallics

isolated in 47% yield (entry S). It is worth noting that the
catalytic system has a good compatibility with different
solvents, such as n-hexane, toluene, and Et,O (entries 6—8).
To our delight, when the catalytic addition was carried out
under solvent-free conditions, the carbamoylphosphonate
product was isolated in 99% yield (entry 9). In sharp contrast
to 1 and 2, dinuclear rare-earth-metal chlorides 3 and 4
showed no activity in this catalytic reaction (entries 11 and
12). Anionic rare-earth-metal dialkyl complexes 5 and 6 can
successfully promote the catalytic addition with the isolation of
excellent yields of the product 7a. In contrast to erbium
catalysts, yttrium complexes 1 and § exhibited better catalytic
efficiency (entries 9, 10, 13, and 14), suggesting that a rare-
earth metal with a large ionic radius has a positive influence on
the catalytic reaction. The addition of diisopropyl phosphite to
phenyl isocyanate without the catalyst could not take place,
and no product was observed under the same conditions
(entry 15).

Next, the scopes of various isocyanates and dialkyl
phosphites under the optimized conditions were investigated
(Table 2). It is interesting to find that the isocyanates with
either electron-donating or electron-withdrawing groups on
the phenyl rings can smoothly react with diisopropyl phosphite
to afford the corresponding carbamoylphosphates (7b—k) in
good to high yields in the presence of 0.1 mol % of catalyst 1.
For example, the bulky 4-isopropyl and 2,6-diisopropyl
phenylisocyanates could be used in the reaction, affording

Table 2. Scope of the Isocyanates and Dialkyl Phosphites”

RINGO . H—E’I)/ORz r.t., 5min, 1 (0.1 mol%)= R1/H\C/'ﬂ<g§
OR2 solvent-free 1
0
7
entry R! R? product yield (%)
1 CeH, Pr 7a 99
2 3-MeCgH, Pr 7b 97
3 4-MeC¢H, Pr 7c 99
4 4-PrC¢H, Pr 7d 97
S 2,6-Pr,C¢H; Pr Te 93
6 4-MeOC(H, Pr 7 98
7 2-CIC4H, ‘Pr 78 96
8 3-CIC¢H, Pr 7h 97
9 4-BrCgH, Pr 7i 95
10° 4-0,NC¢H, Pr 7 87
11 3,4-CL,C4H, Pr 7k 95
12 4-MeC4H,SO, Pr 71 97
13 Pr Pr 7m 97
14 ‘Bu Pr 7n 98
15 cyclohexyl Pr 70 98
16 CICH,CH, Pr 7p 96
17 CeH, Et 7q 99
18 4-PrC¢H, Et 7r 97
19 3-CIC¢H, Et 7s 98
20 cyclohexyl Bn 7t 92
21 4-MeC¢H,SO, Bn 7u 94

“Reaction conditions unless specified otherwise: in a Schlenk reactor
were placed isocyanates (2.0 mmol) and dialkyl phosphites (2.0
mmol) with vigorous stirring until dissolution before adding the
catalyst 1 (2.0 umol). Isolated yield. “Diisopropyl phosphites (2.4
mmol).

the products 7d,e in 97% and 93% yields, respectively. Strongly
electron withdrawing groups, such as nitro-, halogen (Cl, Br)-,
and tosyl-substituted phenyl isocyanates, also worked well with
diisopropyl phosphite, affording the products 7g—1 in 87—97%
yields. Moreover, the catalyst 1 was also compatible with
branched (isopropyl and tert-butyl), linear (ethyl), and
cyclohexyl-substituted aliphatic isocyanates and the outputs
of 7m—p still remained in excellent efficiency (96—98%
yields). In addition to diisopropyl phosphite, diethyl phosphite
and dibenzyl phosphite were also suitable for the addition with
alkyl- and aryl-substituted isocyanates, producing the corre-
sponding carbamoylphosphate derivatives 7q—u in 92—99%
yields.

On the basis of the 'H NMR monitoring control
experiments (Figure S70) and previously reported mechanism
studies of catalysis by rare-earth-metal complexes of the
addition of dialkyl phosphites to C=N and C=0 bonds"®
and cyclization of isocyanates,'* a plausible catalytic mecha-
nism was proposed (Scheme 3): the acid—base reaction

Scheme 3. Possible Mechanism for the Catalytic Addition
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between rare-earth-metal alkyl complexes and dialkyl phos-
phite (phosphonate as its tautomeric form) gave the
intermediate A, which then formed isocyanate-coordinated
intermediate C due to the strong oxytropism of the rare-earth-
metal ions (path I). Meanwhile, the intermediate C can also be
derived from the interaction of the intermediate B and dialkyl
phosphite with the release of a molecule of TMS (path II).
Electron deficiency on the carbon atom of isocyanate moiety in
C led to the addition of the phosphorus atom of dialkyl
phosphite, resulting in the formation of the intermediate D.
Then the interaction between D and another dialkyl phosphite
produced the final catalytic product CPOs and regenerated A
to fulfill a catalytic cycle.

B CONCLUSIONS

In summary, we have demonstrated that both neutral rare-
earth-metal monoalkyl complexes and anionic rare-earth-metal
dialkyl complexes supported by the silicon-linked diamido
ligand can be synthesized through different pathways. Further
studies show that these complexes displayed a high catalytic
activity in the addition of dialkyl phosphites to a variety of
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isocyanates, providing a simple, mild, and highly efficient
method for the formation of various carbamoylphosphate
derivatives. Meanwhile, the rare-earth-metal alkyl complexes
catalytic systems have the advantages of simple operation, high
efficiency, low catalytic loadings, compatibility with a wide
range of substrates, and proceeding under solvent-free
conditions.

B EXPERIMENTAL SECTION

Materials and Methods. All syntheses and manipulations of the
air- and moisture-sensitive materials were performed under dry argon
and an oxygen-free atmosphere, using standard Schlenk techniques or
in a glovebox. All solvents (THF, n-hexane, and toluene) were
refluxed and distilled over sodium benzophenone ketyl under argon
prior to use unless otherwise noted. RE(CH,SiMe,);(THE),,"
RECL,” (Me,Si)[(2,6-Pr,C¢H;)NH],,*' and LiCH,SiMe; (0.8 M
solution in hexane) were prepared according to the reported methods.
Solid isocyanates were used without further purification. Liquid
isocyanates and diisopropyl, diethyl, and dibenzyl phosphites were
purchased from Aldrich and distilled prior to use. Elemental analysis
data were obtained on a PerkinElmer Model 2400 Series II elemental
analyzer. HRMS measurements were conducted with an Agilent
Model 6220 ESI-TOF mass spectrometer. 'H, 1*C, and *'P NMR data
were obtained on a 300 MHz or a S00 MHz Bruker spectrometer.
Chemical shifts (5) are reported in ppm. The ] values are reported in
Hz. IR spectra were recorded on a Shimadzu FTIR-8400s
spectrometer (measurements of KBr pellets were performed in a
glovebox and protected by dry argon prior to IR determination).
Melting points were measured with a SGWX-4 instrument.

Preparation of LY(CH,SiMe;)(THF), (1). To a solution of H,L
(0.41 g, 1.00 mmol) in n-hexane (10.0 mL) was added a solution of
Y(CH,SiMe;);(THF), (0.49 g, 1.00 mmol) in n-hexane (10.0 mL).
The reaction mixture was stirred at room temperature for 4 h, and the
solvent was evaporated under reduced pressure to about 8.0 mL.
Colorless crystals were obtained after the solution was allowed to
stand at 0 °C for several days (0.60 g, 82% yield). 'H NMR (500
MHz, C,Dg, ppm): 6 7.21 (d, 4H, J = 7.5 Hz, C¢Hs), 7.00 (t, ] = 7.5
Hz, 2H, C¢H,), 4.19 (br s, 4H, CH(CHj,),), 3.32 (t, ] = 6.5 Hz, 8H,
a-THF), 1.36 (br s, 24H, CH(CH,),), 1.04—1.01 (m, 8H, f-THF),
0.38 (s, 6H, Si(CHj),), 0.21 (s, 9H, Si(CH;);), — 0.38 (d, *Jy_yy = 3.5
Hz, 2H, CH,SiMe,). *C NMR (125 MHz, C¢Dg, ppm): § 150.1,
142.6, 123.4, 119.6, 69.9 (a-THF), 28.3 (d, Jy_c = 45.0 Hz), 27.6,
26.0, 25.1, 4.6 (SiMe,). Anal. Calcd for C;3H,,N,0,Si,Y: C, 62.60; H,
9.26; N, 3.84. Found: C, 62.96; H, 9.20; N, 3.84. IR (KBr pellets,
am™D): v 3061, 3026, 2963, 2871, 1917, 1859, 1796, 1620, 1586,
1461, 1439, 1383, 1358, 1325, 1255, 1195, 1110, 1054, 907, 882, 828,
786.

Preparation of LEr(CH,SiMe;)(THF), (2). This complex was
isolated as pink crystals in 80% vyield by treatment of Er-
(CH,SiMe;);(THF), (0.50 g, 0.87 mmol) with H,L (0.36 g, 0.87
mmol) following a procedure similar to that for the preparation of 1.
Anal. Calcd for C34Hy,N,O,Si,Er: C, 56.53; H, 8.36; N, 3.47. Found:
C, 56.90; H, 8.37; N, 3.40. IR (KBr pellets, cm™"): v 3061, 3030,
2961, 2871, 1924, 1859, 1798, 1620, 1591, 1457, 1439, 1383, 1363,
1327, 1255, 1197, 1110, 1048, 907, 828, 786.

Preparation of [LY(u-Cl)(THF),], (3). To a solution of H,L (0.50
g, 1.22 mmol) in THF (10.0 mL) at —78 °C was added dropwise a
solution of 1.6 M "BuLi (1.56 mL, 2.50 mmol) in n-hexane with rapid
stirring. The mixture was slowly warmed to room temperature for 4 h;
a THF suspension of YCl; (236 mg, 1.22 mmol) was then added to
the mixture. The reaction mixture was stirred at room temperature for
8 h. The solvent was evaporated under reduced pressure to yield a
pale yellow solid. Recrystallization from toluene afforded colorless
crystals of 3 (0.71 g, 87% yield). '"H NMR (500 MHz, toluene-dg,
ppm): 6 7.05 (s, 2H, C¢H3), 7.01 (s, 4H, C4H3), 3.55 (s, 6H, a-THF),
3.49 (sept, ] = 7.0 Hz, 4H, CH(CHy;),), 2.60 (s, 2H, a-THF), 1.44 (s,
8H, f-THEF), 1.15 (d, ] = 7.0 Hz, 24H, CH(CH,),), 0.19 (s, 6H,
Si(CHj;),). 3C NMR (125 MHz, toluene-dg, ppm): § 144.6, 139.3,
124.5, 123.4, 67.8 (a-THF), 28.6, 25.7 (f-THF), 23.8, 0.03 (SiMe,).

Anal. Caled for CgH,;1,N,0,51,CLY,-CH,: C, 61.69; H, 8.82; N,
3.89. Found: C, 61.78; H, 9.16; N, 3.76. IR (KBr pellets, cm™): v
3075, 2963, 2874, 1852, 1622, 1461, 1439, 1383, 1360, 1351, 1331,
1262, 1193, 1088, 1043, 909, 804, 746.

Preparation of [LEr(u-CI)(THF),], (4). This complex was isolated
as pink crystals in 77% yield by treatment of a solution of H,L (0.50 g,
1.22 mmol) in THF with a solution of 1.6 M "BuLi (1.56 mL, 2.50
mmol) in n-hexane, followed by reaction with a THF suspension of
ErCl; (333 mg, 1.22 mmol) following a procedure similar to that for
the preparation of 3. Anal. Calcd for C¢H,;,,N,0,Si,CLEr,-C¢H,,: C,
55.64; H, 7.95; N, 3.51. Found: C, 55.56; H, 8.18; N, 3.43. IR (KBr
pellets, cm™): v 3066, 2961, 2869, 2869, 1921, 1854, 1794, 1622,
1591, 1436, 1322, 1258, 1197, 1139, 1106, 1043, 911, 788.

Preparation of LY(CH,SiMe;),(THF)Li(THF), (5). To a solution
of 3 (0.50 g, 0.37 mmol) in toluene (5.0 mL) was added dropwise a
solution of 0.8 M LiCH,SiMe; (2.0 mL, 1.60 mmol) in hexane with
rapid stirring at 0 °C. The mixture was stirred at room temperature
for 8 h. The solvent was evaporated under reduced pressure to yield a
viscous solid. Recrystallization from n-hexane afforded colorless
crystals of 5 (048 g 64% yield). '"H NMR (500 MHz, C,Dq,
ppm): & 7.35 (d, J = 7.5 Hz, 1H, C¢H;), 7.06 (d, ] = 7.5 Hz, 2H, (H;),
6.86 (t, J = 7.5 Hz, 2H, C4H,), 6.69 (t, ] = 7.5 Hz, 1H, C(H,), 4.46
(br s, 2H, CH(CHj,),), 3.69 (br s, 2H, CH(CHj;),), 3.23 (s, 12H, a-
THF), 1.49-1.04 (m, 36H, f-THF and CH(CH,),), 0.42 (s, 6H,
Si(CH;),), 0.20 (s, 18H, Si(CHj;);), — 1.02 (s, 4H, CH,SiMe;). *C
NMR (125 MHz, C¢D, ppm): & 152.2, 143.8, 123.8, 117.9, 68.5 (a-
THEF), 27.2, 26.7, 26.5 (-THF), 25.1, 24.9, 4.1 (SiMe,). Anal. Calcd
for Cq,H,0,LiN,04Si;Y-(—2THF): C, 61.71; H, 9.68; N, 3.13. Found:
C, 61.36; H, 9.29; N, 3.40. IR (KBr pellets, cm™"): v 2310, 1589,
1458, 1438, 1361, 1328, 1195, 1111, 1043, 906, 829, 786. The
reaction of 3 with 2 equiv of LiCH,SiMe; following a procedure
similar to the preparation of § produced complex 1 in 57% yield.

Preparation of LEr(CH,SiMe;),(THF)Li(THF), (6). This complex
was isolated as pink crystals in 60% yield by treatment of 4 (0.50 g,
0.33 mmol) with 0.8 M LiCH,SiMe, (1.8 mL, 1.44 mmol) following a
procedure similar to that for the preparation of S. Anal. Calcd for
Cy,H,,LiN,0,Si;Er-(=3THF): C, 55.95; H, 8.72; N, 3.11. Found: C,
56.25; H, 8.38; N, 3.45. IR (KBr pellets, cm™): v 2345, 1589, 1456,
1438, 1358, 1328, 1253, 1195, 1111, 1043, 906, 829. The reaction of
4 with 2 equiv of LiCH,SiMe; following a procedure similar to the
preparation of 6 produced complex 2 in 59% yield.

General Procedure for the Addition of Dialkyl Phosphites
to Isocyanates (7a as an Example). A mixture of phenyl
isocyanate (2.0 mmol) and diisopropyl phosphite (2.0 mmol) was
stirred for 1 min. Complex 1 (2.0 ymol) was then added, and the
reaction mixture was rapidly stirred for S min. The clear liquid
mixture changed slowly to a white solid during the reaction. Water
was added, and the mixture was extracted with ethyl acetate (3 X §
mL). The combined organic layers were dried over anhydrous
MgSO,, and the solvent was evaporated under reduced pressure after
filtration. The product 7a was recrystallized from a mixture of n-
hexane and ethyl acetate (0.56 mg, 99% yield).

X-ray Crystallographic Analyses. Suitable crystals of complexes
1 and 4—6 were sealed in thin-walled glass capillaries under argon.
Diffraction was performed on a Bruker SMART CCD area detector
diffractometer using graphite-monochromated Mo K radiation (4 =
0.71073 A). An empirical absorption correction was applied using the
SADABS program.” All structures were solved by direct methods,
completed by subsequent difference Fourier syntheses, and refined
anisotropically for all non-hydrogen atoms by full-matrix least-squares
calculations on F? using the SHELXTL program package.” All
hydrogen atoms were refined using a riding model.
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Characterization data of compounds 7a—u, 'H, *C, and
3P NMR spectra for compounds 7a—u, and crystallo-
graphic data for complexes 1, 2, and 4—6 (PDF)

Accession Codes

CCDC 1969143—1969144, 2030786—2030787, and 2047086
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.ca-
m.ac.uk/data_request/cif, or by emailing data request@ccdc.
cam.ac.uk, or by contacting The Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
+44 1223 336033.
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