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ABSTRACT: The structure of the dianion (SpRc)-10 formed in the diastereoselective N,C,.p, dilithiation of the

phosphinimidic amide (R¢)-Ph,P(=NCO,Me)NHCH(Me)Ph (S5; dr of 95:5) with tert-butyllithium in THF has been
elucidated using multinuclear magnetic resonance methods, including 2D "Li,"X-HMQC ("X = "N, *'P) correlations. (Sp,R¢)-10
consists of a monomer in which C,N and N,O chelation of the lithium cations generates a system containing a five- and a six-
membered metallacycle, respectively, sharing a P—N bond with the lithium atoms connected through the NCO moiety of the
phosphazenyl group. Selective deprotonation of the pro-S P-phenyl ring of § was ascertained through NOE measurements. DET
computations at the M06-2X(SMD,THF)/6-311+G(d,p)//M06-2X/6-31G(d) level showed that the stereoselective ortho
deprotonation process fulfills the features of the CIPE model. The P=N linkage of the N-lithiated species (Rc)-8 acts as a
directing metalation group via N--Li'Bu coordination. The mixed complex that is formed evolves to a more stabilized species due
to the intramolecular coordination of the OMe group to the lithium cation of the base. Abstraction of the ortho proton proceeds
with energy barriers of 12.4 and 13.3 kcal/mol for the pro-R and pro-S phenyl rings. The preference for the latter is explained in

terms of the Curtin—Hammett principle.

B INTRODUCTION

The design and synthesis of P-stereogenic compounds are
topics of great interest due to their applications in fields such as
medicinal chemistry," agrochemistry,” and particularly asym-
metric synthesis in organic chemistry, where they play a critical
role as organocatalysts’ or as ligands for transition-metal
catalysis.” One of the most useful methods of synthesis of this
compound class is the enantioselective desymmetrization of
Me,P groups of phosphine—boranes via deprotonation with a
chiral base, generally the complex [s-BuLi:(—)-sparteine],” and
subsequent electrophilic quench.® In a similar vein, we have
achieved the discrimination of the prochiral P-phenyl rings of
the Ph,P moiety of diphenylphosphinic amides and diphenyl-
phosphinimidic amides through asymmetric directed ortho
lithiation, DoLi, followed by electrophilic trapping of the ortho
anion formed. The enantioselective abstraction of an ortho
proton from N,N-diisopropyl-P,P-diphenylphosphinic amide 1
with the complex ["BuLi-(—)-sparteine] as a chiral base
followed by reaction with electrophiles afforded the derivatives
(Sp)-2 with modest ee (60%) (Scheme 1, eq 1). Access to
enantiopure compounds was feasible by performing three
recrystallization cycles.” The deprotonation of substrates (8)-3°
and (R)-5” bearing chiral amino moieties as chiral auxiliaries
proved to be much more eflicient. Both compounds underwent
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N,Coho deprotonation with ‘BuLi as a base with very high
diastereoselectivity. After the dianions were treated with a large
variety of electrophiles, the corresponding ortho-functionalized
phosphinic amides (Sp,Sc)-4 (Scheme 1, eq 2) and
phosphinimidic amides (Sp,Rc)-6 (Scheme 1, eq 3), respec-
tively, were obtained in very high yield and an average dr of
95:5. Products 4 and 6 could be readily converted into other
valuable P-stereogenic compounds such as phosphine—borane
7 through stereoselective functional group transformations.””
Recently, the first examples of transition-metal-assisted direct
ortho C—H stereoselective functionalization of diphenylphos-
phinic amides have been described, although the structural
diversity achieved is relatively limited."’

The first step in the ortho lithiation of 3 and § is the
deprotonation of the NH of the amine moiety. The structure of
the monoanion generated will determine the stereochemical
course of the proton abstraction at the ortho position of one of
the diastereotopic P-phenyl rings. Thus, whereas the N,C 4,
double lithiation of 3 takes place with excellent dr, the
analogous reaction of the diphenylphosphinic amide having a 1-
phenylethan-1-amine chiral auxiliary furnished the ortho-
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Scheme 1. Synthesis of P-Stereogenic Compounds through
Asymmetric DoLi-Electrophilic Trapping Reactions
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substituted products with very low stereocontrol (dr 1:2)."" N
lithiated phosphinimidic amides are important ligands in
coordination chemistry and catalysis.'” Generally, the [N—P—
N]~ system acts as a chelating monoanionic ligand that
provides four-membered metallacycles upon blndmg to metal
ions of the main groups and d and f blocks."’

Very recently, we have described the first detailed structural
characterization of the N,-lithiated phosphinimidic amide
formed in the deprotonation of (Rc)-5 with 1 equiv of ‘BuLi
in THEF solution through nuclear magnetic resonance and DFT
computational studies.”” The structure was shown to consist of
a mixture of disolvated monomer 8 and monosolvated dimers 9
in which the anion exists as a six-membered metallacycle
formed by coordination of the lithium ion to the deprotonated
nitrogen and to the oxygen atom of the carbonyl group located
in the phosphazene moiety (Scheme 2)."> The study revealed

Scheme 2. Formation of Monomers 8 and Dimers 9 in the
N-Lithiation of (R)-5 in THF Solution
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that the chiral side arm of the N,O-chelating framework is
oriented to the outer face of the pro-S P-phenyl ring. Strictly
speaking, these results indicate that the chiral auxiliary in 8 is
close to only one of the P-phenyl rings and that the P=N
linkage is in the appropriate arrangement to behave as a
directing metalation group (DMG) in a DoLi process. This
means that N-lithiation of (R¢)-S leads to the system 8/9
preorganized for the stereoselective C,,, lithiation. However,
the reasons for the almost exclusive abstraction of one ortho
proton of the pro-S P-phenyl ring of 8/9 by the action of a
second equivalent of the organolithium base remain unclear.
Under the premises of the CIPE model (complex induced
proximity effect),'® the diastereoselectivity of the ortho
deprotonation may be associated with the structure of the

complex formed between the monolithiated species and the
‘BuLi.

In order to understand the reaction pathway of the highly
diastereoselective N,C,, double deprotonation of (R)-5, we
have undertaken a study of the structural characterization of the
dilithiated species in THF solution on the basis of a series of
multinuclear magnetic resonance experiments involving combi-
nations of the nudclei 'H, "Li, *C, N, and 3'P and a DFT
computational investigation of the mechanism of formation of
the dianion within the framework of the CIPE model. We
present herein the findings of this study.

B RESULTS AND DISCUSSION

NMR Spectroscopic Studies. The synthesis of the N,C_ 4,
dilithiated species (Sp,Rc)-10 was carried out as previously
described (Scheme 3).” The treatment of (R¢)-$ with 2.8 equiv

Scheme 3. Synthesis of (Sp,R()-10 via N,C,,,, Double
Lithiation of (R)-5
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of ‘BuLi in THF (or THF-dg) at —90 °C overnight afforded an
orange solution. The configuration of 10 shown in Scheme 3 is
assigned on the basis of the structure of the product of
electrophilic quench (Sp,Rc)-6. All other structural features of
the dianion were not known at the onset of this study. NMR
samples were prepared by transferring 0.5 mL of this solution
to a S mm NMR tube placed in a bath at —100 °C under an N,
atmosphere. Subsequently, the samples were inserted into the
magnet previously cooled to —80 °C.

The "Li and *'P NMR spectra measured at this temperature
showed that dilithiation of 5 was almost complete. The high
diastereoselectivity observed for this reaction” is in agreement
with the presence of two different phosphorus signals at § 33.35
and 28.46 ppm in the ratio 95:5 (Figure 1). Consequently, the

V
(Sp.Rc)-10 (ReRO)-10
J }L (Rc)-8

40 38 36 34 32 30 28 26 24 22 20 18 16  ppm

Figure 1. *'P NMR spectrum (202.4 MHz) of 10 measured in THF-d,
at —80 °C. Exponential multiplication of the FID (LB = 1) prior to
Fourier transformation.
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major species was assigned to the dilithiated intermediate and
the second species to the minor diastereoisomer (Rp,Rc)-10.
The 'H'P-HMQC NMR experiment showed similar
correlation patterns for the aromatic protons of both
phosphorus signals (Figure S1 in the Supporting Information),
confirming the formation of both diastereoisomers with
excellent stereoselectivity. A very small amount (ca. 4%) of a
third species was also detected and identified as the previously
reported product of N-deprotonation (Rc)-8."* The apparent
doublet shape shown by the phosphorus signal of the dianion
indicates the existence of a scalar coupling between the *'P
nuclei and the quadrupolar nucleus "Li (I = 3/2, 92.7% natural
abundance). The unusual *'P line shapes observed depend on
relaxation effects'” and the magnitude of the scalar coupling.'®
The lack of a resolved *J(*'P,’Li) coupling constant prevents
identification of the aggregation state of 10."

N, C.mo dilithiation was evidenced in the 'H NMR
spectrum at —100 °C by (1) the disappearance of the NH
signal which is associated with the reduction of the multiplicity
of the adjacent proton H7 to a doublet of quartets (5 4.51 ppm,
oy = 15.5, ¥y = 6.5 Hz) (Figure S2 in the Supporting
Information) and (2) the four multiplets arising from the
ortho-deprotonated phenyl ring (6 7.98 (H14), 6.67 (H1S),
6.55 (H16), 7.12 (H17) ppm), which could be readily
identified through the analysis of the 2D COSY45S NMR
spectrum (Figure 2 and Figure S3 in the Supporting
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Figure 2. Expansion of the 2D COSY4S NMR spectrum (500.13
MHz) of 10 measured in THF-dg at —80 °C. The three spin systems
arising from the aromatic protons are identified by a color code.

Information). The assignment of the ortho proton H17 was
easily accomplished by comparison of the 'H and 'H{*'P}
NMR spectra on the basis of the large value of ¥y = 8.2 Hz
observed for the signal at 6 7.12 ppm. The confirmation of the
spin system defined by H14—H17 was provided by the 1D
TOCSY spectrum obtained by selective excitation of the
multiplet at § 6.55 ppm, H16 (Figure S4 in the Supporting
Information). The analogous experiment exciting selectively H7
allowed us to identify the methyl protons H22 (d, 1.33 ppm,
*Jun = 6 Hz) that were masked by the solvent signals (pentane
from the organolithium base) in the standard 'H NMR

spectrum. The significant shielding experienced by H15—H17
in comparison with the chemical shifts observed for the protons
of the nonsubstituted ring in the monolithiated intermediate 8
(A8ps ~ —0.6 ppm) is remarkable. In sharp contrast, the
proton next to the lithiated position H14 undergoes a
significant deshielding (Adyg ~ 0.7 ppm).”

Analogous behavior was observed for their corresponding
carbons in the *C NMR spectrum; C15, C16, and C17
appeared considerably shielded (A8,y4 & —5.3, —6.8, and —3.9
ppm, respectively),” whereas C14 is highly deshielded (Ad;.g
~ +14.4 ppm).” In addition, there is a very large increase of
the magnitude of the *'P,®C coupling constants of CI2
(AYpcr0s & 17.5 Hz), Cl4 (A%pcios & 14.4 Hz), and C17
(A¥pc10.5 ~ 18 Hz) (Figure 3 and Figures SS and S6 in the
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Figure 3. Expansion of the aromatic region of (a) “C and (b)
BC{3'P,'H} NMR spectra (125.7 MHz) of 10 in THF-dg at —100 °C.
Gaussian multiplication of the FID (LB = —3; GB = 0.01) prior to
Fourier transformation.

Supporting Information).”’ These changes in the NMR
parameters of the lithiated P-phenyl ring are similar to those
found in ortho-lithium phosphinic amides™ and C,,Co.no
dilithium phosphazenes.”> The definitive evidence of the
ortho-lithiation process was shown by the *C{*'P,'H} NMR
spectrum, which exhibited a 1:1:1:1 quartet (}/;; = 30.2 Hz) at
5 2089 ppm assigned to the lithiated carbon C13.”* The
chemical shift™* and the splitting of the signal of C13 reveal that
it is in contact with only one "Li nucleus."” For compounds
where a lithium cation is bound to a carbon, the number of C—
Li contacts can often be determined from the detection of the
C,’Li coupling constant. Except for ortho-lithiated phosphinic
amides,”” ortho-lithium compounds tend to aggregate into
dimers via C—Li—C bridges, leading to the formation of C,Li,
cores in the absence of strongly coordinating reagents.'’>® The
multiplicity observed for C13 indicates that dianion 10 exists as
a monomer in THF solution. Most probably, the lithium atom
is additionally coordinated to the nitrogen of the phosphazenyl
moiety, thus forming a five-membered metallacycle, and would
complete the preferred tetracoordination by solvation with two
THF molecules.

The “Li NMR spectrum showed two predominant lithium
signals in a 1:1 ratio, a doublet at 5 2.74 ppm (Li-A, *Jpy; 8.0
Hz) and a singlet at § 0.99 ppm (Li—B), together with the
corresponding signal of the N-lithiated species (R¢)-8 (8 0.95
ppm) (Figure 4). The assignment of the low-field signal to the
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Figure 4. (a) 'Li and (b) "Li{*'P} NMR spectra (194.4 MHz) of 10
measured in THF-dg at —80 °C. Gaussian multiplication of the FID
(LB = —20; GB = 0.1) prior to Fourier transformation.

lithium atom coordinated to the deprotonated nitrogen, Li—B,
is supported by similarity to the chemical shift previously found
for 8."* The high-field signal was assigned to a lithium atom
linked to the Cgypo, Li-A. A 2D "Li-EXSY NMR experiment
confirmed that the major species did not undergo chemical
exchange with any other lithiated species present in the solution
(Figure S8 in the Supporting Information).

As has been mentioned above, ortho-lithiated phosphinic
amides tend to aggregate into dimers via O—Li—O bridges
involving the P=0 linkage.”” The multiplicity of the lithium is
then affected by this coordination due to coupling with the two
phosphorus atoms. With regard to our system, the multiplicity
observed for Li-A implies that species 10 exists as a monomer
in THF solution, as the lithium is coupled to only one
phosphorus atom. The large magnitude of the coupling
constant indicates the presence of P=N-Li coordination,
which is in agreement with the formation of a five-membered
metallacycle. Further confirmation was provided by a natural-
abundance 2D "Li,"N-HMQC NMR experiment (Figure 5).
Two different correlations highlight the connection between
the two lithium ions with the two different nitrogen atoms. Li-A
is scalarly coupled to N2 (5 —288.7 ppm) and Li—B to N6 (&
—308.3 ppm). The >N chemical shifts are consistent with those
recently described for intermediate 8 and previous data
reported in the literature for similar phosphazenes.”” As was
expected, the 2D "Li,>'P-HMQC NMR experiment™® showed
correlation of both lithiums with the phosphorus. All this
information revealed that the dilithiated intermediate 10
consists of a N,C_ 4, and O,N, double chelate, in which the
phosphazenyl nitrogen stabilizes the ortho-lithiated position
whereas the carboxymethyl fragment does the same with the
lithium amide.

A 2D ROESY NMR experiment helped to elucidate the
conformation adopted by species 10 in solution (Figure 6 and
Figure S9 in the Supporting Information). The spectrum
showed two NOE:s for the ortho proton of the metalated ring
H17, one with the methine proton of the chiral auxiliary H7
and the other with H19 (5 8.08 ppm, *Jyy = 6.7 Hz, *Jpyy = 8.2
Hz), belonging to the neighboring P-phenyl ring. On the other
hand, H19 exhibits a dipolar correlation with H9, the phenyl
ring of the chiral auxiliary. These complementary NOEs
support that the structure of the dilithiated intermediate 10 in
solution consists of a configurationally stable N,O/N,C double
chelate, in which the relative configuration at the phosphorus is
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Figure 5. "Li,""N-HMQC and "Li,*'P-HMQC correlation spectra of
10 in THF-dg measured at —100 °C.
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Figure 6. Expansion of the 2D ROESY NMR spectrum of 10
measured in THF-dg at —80 °C.

S. The lack of interaction between the methoxy group and any
other protons of the dianion is consistent with the coordination
between the carbonyl group and Li-A, which allocates this
group in an isolated position with regard to the rest of the
molecule.

As has been mentioned above, the conformation adopted by
the monolithiated intermediate 8 in solution is responsible for
directing the ortho lithiation with excellent diastereoselectivity.
Species 8 was shown to exist in THF as a monomer—dimer
equilibrium mixture shifted to the monomeric species in highly
diluted samples, which represent the standard laboratory-scale
reaction conditions (0.05 M). With regard to dianion 10, the
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Table 1. Selected Distances (A) and Angles (deg) of 8a,c, 11A,B, and 12A,B”

param 8a 8c
P1-N2 1.643 1.641
P1-N6 1.601 1.612
N2-C3 1.328 1.322
C3-04 1.254 1.259
04-LiS 1.875 1.890
N2-Li2§
LiS—N6 1.977 1.963
023-Li2S
P1-N6-LiS 106.1 106.4
P1-N6-C7 125.2 122.3
C7—-N6-LiS 128.6 126.2
C3—N2-P1-N6 51.0 —49.6
C3—-04-Li5—N6 26.0 —-39.6
P1-N6—-LiS—04 16.5 0.5
P1-N2-C3-04 0.0 3.6
P1-N6—-C7—-C8 103.3 58.4
P1-N6—-C7-C22 —-134.3 —180.3

“The numbering scheme is referenced to (Sp,Rc)-10; see Scheme 3.

11A 11B 12A 12B
1.664 1.657 1.654 1.638
1.597 1.608 1.598 1.597
1331 1.328 1.328 1.323
1251 1.249 1.246 1.242
1.898 1.894 1.940 1.907
2.146 2.160 2.047 2.018
1.963 1.977 1.962 1.965
2.825 2952 2.445 2.200
109.3 111.5 109.3 109.9
125.3 118.4 123.6 119.7
1253 1254 126.9 127.1
51.8 37.3 48.4 =317
44.5 19.6 322 —41.3
4.2 20.8 10.3 26.8
4.3 9.7 2.4 182
124.2 137.6 88.3 133.9
—112.4 —100.3 —148.3 —104.0

multiplicity observed for the lithiated carbon C13 and the
lithium nucleus Li-A were critical parameters toward drawing
the definitive structure for the lithiated intermediate as a
monomeric species. However, the possible formation of dimers
through O—Li bridges such as 9 (Scheme 2) and C,lithiated
N-methoxycarbonylphosphazenes §'° could only be discarded
by studying the concentration dependence. No significant
changes were observed in the *'P NMR spectrum of diluted
samples of 10, confirming the existence of the dilithiated
species as a monomer in THF solution. As far as we know, this
is the first structural characterization of an enantiopure
dilithiated phosphinimidic amide.

Computational Studies. Once the structure of the NC_ ;.
dilithiated species (SpR()-10 was identified, we undertook a
DFT computational study at the MO06-2X(SMD,THF)/6-
311+G(d,p)//M06-2X/6-31G(d) level of theory to get insight
into the mechanism of its formation via diastereoselective ortho
deprotonation of the pro-S P-phenyl ring of (Rc)-8. For
simplicity, the computations have been based on the structure
of dissolvated monomer (R:)-8.>° Selected geometrical
parameters for the computed species are given in Table 1.
Previous calculations about the structure of (Rc)-8 were carried
out at the MO06-2X(SMD,THF)/6-311+G(d,p)//B3LYP/6-
31G(d) level of theory. They revealed that the six-membered
metallacycle of (R¢)-8 may adopt two twist-boat conformations
and that for each of them the methoxy group may be oriented
syn or anti with respect to the nitrogen atom of the NCO,Me
moiety.'* First, we have optimized the geometries of these four
conformers at the higher level of calculation used in this work.
The two conformers involved in the ortho lithiation, (Rc)-8a
and (R)-8b, exist in a slightly twisted boat conformation (P1—
N2—-C3—04/P1-N6—-Li5—04 angles of 0.0/16.5° and —1.2/
14.1° for 8a and 8b, respectively, Table 1). In both cases, the
pseudoequatorial P-phenyl ring is eclipsed with the CH of the
chiral arm™ and, perhaps most importantly, the pseudoaxial P-
phenyl is oriented quasi-perpendicular to the phenyl linked to
the chiral center (Figure S10 in the Supporting Information).
The almost linear alignment of one ortho C—H bond of the P-
phenyl ring with the centroid of the C-phenyl group (C—H-
centroid angles of 174.9 and 174.7° for 8a and 8b, respectively)
and the short CH---centroid distances (2.790 and 2.805 A for

8a and 8b, respectively) are in the expected range for a T-
shaped edge-to-face C—H--7 interaction.”’ Conformers 8a and
8b differ in the relative position of the OMe group with respect
to the adjacent nitrogen atom, with the syn orientation of
structure 8a (N2—C3—023—C24 angle of —1.5°) being
negligibly stabilized in comparison with the anti rotamer 8b
(AG"™3(8a—8b) = 0.2 kcal/mol, N2—C3—023—C24 angle of
—178.1°).%” It is important to note that structures 8a and 8b
are not the most stable N-lithiated species. At the level of
calculation used, the isomer 8c in which the twisted
conformation of the six-membered ring is inverted with respect
to 8a proved to be 0.4 kcal/mol more stable (Figure S10). In
the same vein, the isomer 8d with the conformation of the
metallacycle mirroring that of 8b is stabilized 0.3 kcal/mol in
comparison with 8a. The energy differences between the pairs
of conformers 8a/8b and 8c¢/8d of only 0.2 and 0.1 kcal/mol,
respectively, indicate that the conformations of the metallacycle
and the OMe group may interconvert very easily. Therefore,
the reaction pathway for the abstraction of an ortho proton of 8
will be determined by the relative energies of some other
intermediate species involved in the reaction coordinate. The
calculations showed that the two most favorable deprotonations
occurred for 8a and 8b (see below). In the following, we will
focus on the ortho lithiation of these two species.

According to the CIPE model,'® the P=N moiety of
monoanion 8 is in the appropriate arrangement to act as a
DMG in a DoLi reaction.” The CIPE model establishes that a
prelithiation complex is responsible for bringing the reactive
groups into proximity for directed deprotonation. In this
scenario, the formation of (Sp,R:)-10 indicates that the
phosphinimidic nitrogen of (R¢)-8 would coordinate to the
lithium cation of the ‘BuLi base and the resulting complex
would show a conformation in which abstraction of the ortho
proton of the pro-S phenyl ring becomes highly favored. ‘BuLi
exists as a monomer in THF solution.®* Furthermore,
computational studies showed that the most stable structure
consists of a trisolvated alkyllithium monomer.” Therefore,
building up a mixed organolithium complex between (R()-8
and ‘Buli in THF will involve the desolvation of one THF
molecule from the base. This process is thermodynamically
favorable for both pathways involving the abstraction of one
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BuLi+ 8a 11 + THF 12 + 2THF

TS1 + 2THF 13 + 2THF 10 + THF

Figure 7. Computed pathways for the diastereoselective ortho deprotonation of (R¢)-8 with ‘BuLi. Hydrogen atoms have been omitted for clarity,

except for the H,y, being abstracted in TS1.

pro-S (pathway A) and one pro-R (pathway B) ortho proton
from (Rc)-8b to give complexes 11A and 11B, respectively
(Figure 7 and Figure S11 in the Supporting Information). The
formation of 11B is slightly more exothermic by 1.3 kcal/mol.
Interestingly, the analogous coordination of ‘BuLi to the P=N
linkage of (Rc)-8a that would lead to the deprotonation of the
pro-S phenyl ring via complex 11C (path C) is endothermic
(AG™ = 3.4 kcal/mol, Figure S12 in the Supporting
Information). Since rotamer (R()-8b is destabilized only by
0.2 kcal/mol with respect to (Rc)-8a, it can be reasonably
assumed that the DoLi reaction of N-lithiated 8 proceeds
through the species (R¢)-8b.

The bond distances in the metallacycle are insensitive to the
‘BuLi complexation (Table 1) except for a slight increase in the
P=N bond length of 11A/11B (1.664/1.657 A) in comparison
with 8a (1.664/1.657 A). The conformation in 11A is similar to
that of 8a, whereas it becomes more puckered in 11B (Table
1). The structure of 11B shows that the approach of the
organolithium base to the pro-R phenyl ring of 8a induces a
rotation of the chiral side arm that allocates the C—H almost on
the bisection of the Ph—P—Ph angle and the methyl group
facing the pseudoequatorial pro-S P-phenyl ring (P1-N6—C7—
C23 torsion angle of —112.4/—100.3° for 11A/11B, Table 1).
In complexes 11A/11B the carbanionic center of the ‘Bu
moiety is located close to a pro-S/pro-R ortho proton showing
C-Hgupo distances of 2.456/2.449 A, notably shorter than the
sum of the respective van der Waals (vdW) radii (2.900 A).
Important sub van der Waals distances have also been found
between the oxygen atom of the methoxy group and the lithium
of ‘BuLi (O---Li distances of 2.825/2.952 A for 11A/11B; sum
of vdW radii of 3.340 A).

The MeO---Li proximity is responsible for the transformation
that complexes 11A and 11B undergo prior to ortho proton
abstraction. This weak interaction progresses along the reaction
coordinate to become an O—Li bond (2.445/2.201 A for 12A/
12B) with simultaneous displacement of a THF molecule from
the coordination sphere of lithium leading to two new
complexes 12A and 12B (Figure 7 and Figure S13 in the
Supporting Information).*® Although the 023—Li25 inter-
action is stronger in 12B (bond distance of 2.200 A) than in

12A (bond distance of 2.445 A), the formation of the latter
complex is notably more exothermic (AG'® = —6.0 kcal/mol
for 12A and —3.1 kcal/mol for 12B with respect to (Rc)-8a).
This higher stabilization can be at least in part assigned to the
existence of a C—H:---7 interaction between one ortho proton
of the pseudoaxial P-phenyl ring and the phenyl of the chiral
moiety (C—H-+centroid distance of 2.507 A).”!

Complexes 12A and 12B are converted via the transition
states TS1A and TS1B into the respective ortho-deprotonated
species (Sp,Rc)-13A and (Rp,Rc)-13B (Figure 8 and Figures
S14 and S1S in the Supporting Information). The process is
highly exothermic in both cases, leading to products of similar
stability (AG'3(13A) = —17.1 kcal/mol and AG'®(13B) =
—17.8 keal/mol). The energy of activation for the abstraction of

Li---H1.718

Li---H 1.709

TS1A \ A TSI1B

2.540 (Rp.Rc)-10

Sp.Rc)-10
(Sp.Re) (-26.1 kcal/mol)

(-27.3 kcal/mol)

Figure 8. Computed structures of the most stable transition states
TS1A and TS1B corresponding to the ortho deprotonation of the pro-
S and pro-R phenyl ring, respectively, and diastereomeric end N,C, 4,
dianions 10.
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the pro-R proton is slightly lower (AGH® = 12.4 kcal/mol)
than for the pro-S proton (AG¥*3 = 13.3 kcal/mol). These
results seem to suggest that, contrary to the experimental
observations, the formation of the stereoisomer of Rp,Rc
configuration would be favored by AAGH = —0.9 kcal/mol.
However, if we assume that complexes 8a and 8b interconvert
rapidly (AAG*® = 0.2 kcal/mol), then according to the
Curtin-Hammett principle the outcome of the reaction will be
controlled by the activation energies calculated with respect to
the most stabilized complex 12A. The lower energy barrier for
the formation of (Sp,Rc)-13A vs (Rp,Rc)-13B by 2 kcal/mol is
in agreement with the reported almost exclusive lithiation of
the pro-S phenyl ring.”’

The six-membered ring of TS1A adopts a slightly distorted
half-chair conformation (angles 04—C3—N2—P1 —2.7°, 04—
LiS—N6—P1 11.4°), whereas the metallacycle of TS1B exists in
a twist-boat configuration (angles 04—C3—N2—P1 13.1°, 04—
LiS—N6—P1 28.4°). The geometries of the transition states
show that the removal of the ortho proton is more advanced in
TSA1 than in TS1B. The distance between the quaternary
carbon of the ‘Bu group and the H13 proton being abstracted
in TS1A (1.528 A) is shorter than in TS1B (1.545 A).
Conversely, all other distances involving H13 and Li25 in TS1A
lengthen with respect to TS1B (Figure 8). The largest
difference proceeds from the methoxy group and the adjacent
lithium atom. The distances 023---Li2$ of 3.016/2.705 A in
TS1A/TS1B indicate a loose/tight coordination, respectively.

Expectedly, dianions 13A and 13B undergo additional
stabilization when the lithium cation Li25 is allowed to
coordinate to a second THF molecule to achieve the usually
most favorable tetracoordination state of a lithium cation.'®"”
The computed N,C,.q4, dilithiated final products (Sp,Rc)-10a
(AG™® = —27.3 kcal/mol) and (Rp,Rc)-10b (AG'™ = —26.1
kcal/mol) are rigid tricyclic systems built by bridging the two
lithium atoms through the heteroatoms of the NCO moiety of
the phosphazenyl group (Figures 7 and 8 and Figure S16 in the
Supporting Information). Similarly to previous intermediate
species, the six-membered metallacycle of 10a exists in a twist-
boat conformation (angles O4—C3—N2—P1 —178.1°, O4—
LiS—N6—P1 6.0°) containing two planar nitrogen atoms. As for
the chiral side arm, the C—H is eclipsed with the P—C bond of
the ortho-lithiated ring and the phenyl group is located almost
perpendicular to the unsubstituted P-phenyl ring at a distance
favorable to the existence of a PC,—H, 4,7 interaction
(distance to the centroid of 2.792 A, C—H-+-centroid angle of
174.0°).*® In this arrangement, H9 is close to H17 and H19,
while H7 is found only in the vicinity of H9 (distances in the
range of 2.817—3.440 A), in excellent agreement with the
NOEs detected in the ROESY spectrum of (Sp,Rc)-10
measured at —80 °C (Figure 6).

B CONCLUSIONS

In summary, the structure of the enantiomerically pure
N,,C,no-dilithiated aminophosphazene (Sp,Rc)-10 in THF
solution has been elucidated. (Sp,R¢)-10 was formed by treating
aminophosphazene 5 with 2.8 equiv of ‘BuLi via the N-lithiated
species 8 in a diastereomeric ratio of 95:5. A multinuclear
magnetic resonance study including “C{*'P,', H} and "Li,"X-
HMQC ("X = BN, *P) NMR triple-resonance experiments
revealed that the dianion exists in THF solution at —80 °C as a
monomer in which the aminophosphazene moiety exhibits N,O
and C,N double chelation to two lithium cations as part of six-
and five-membered metallacycles, respectively. The NOEs

11101

observed in the ROESY spectrum support the existence of a
preferred conformation with the CH and the phenyl groups of
the chiral side arm located close to the ortho-substituted and
unsubstituted P-phenyl rings, respectively. The DFT computa-
tional investigation of the diastereoselective ortho deprotona-
tion of (Rc)-8 provided a reaction pathway in agreement with
the CIPE model. Complexation of ‘BuLi-THF; by lithium
coordination of the phosphazenyl nitrogen of (R¢)-8 is slightly
exothermic and is accompanied by the desolvation of a THF
molecule. The resulting mixed complex undergoes additional
stabilization through intramolecular coordination of the OMe
group to the lithium cation of the ‘BuLi prior to proton
abstraction to afford the N,C_,-dilithiated intermediate
species 13-THF;, which evolves into the final product
(Sp,Rc)-10-THF, by solvation of the lithium bound to the
ortho carbon to a THF molecule to achieve tetracoordination.
The very high diastereoselectivity of the ortho deprotonation is
explained on the basis of the Curtin—Hammett principle: fast
interconversion of the initial mixed complexes corresponding to
the approach of the organolithium base to the pro-R and pro-S
P-phenyl rings and a difference of 2 kcal/mol between the
corresponding transition states.

B EXPERIMENTAL SECTION

General Information. All reactions and manipulations were
carried out under a dry N, gas atmosphere using standard Schlenk
procedures. THF-dg was distilled from sodium/benzophenone
immediately prior to use. +-BuLi was purchased and used as received.
Low temperatures were always achieved with a N,(1)/MeOH bath.
Multinuclear magnetic resonance spectra were measured in a 11.74 T
spectrometer (*H, 500.13 MHz; "Li, 194.37 MHz; *C, 125.76 MHz;
N, 50.67 MHz; *'P, 202.46 MHz) using a direct TBO 'H/*'P/BB.
The spectral references used were internal tetramethylsilane for 'H
and 3C, MeNO, for N, external 85% H,PO, for 3p and 1 M LiBr
in D,0 for "Li. A set of two complementary *'P/"Li-selective band-
pass/stop frequency filters was used for the measurement of NMR
spectra involving *'P and "Li nuclei. Selected spectral parameters were
as follows: 'Li NMR (194.4 MHz): 24K data points; spectral width
9690 Hz; exponential multiplication with a line broadening factor of 2
Hz. For resolution enhancement processing a Gaussian multiplication
(GM) was applied to "Li (LB = =2, GB = 0.3). *'P NMR (202.4
MHz): 128K data points; spectral width 60606 Hz; exponential
multiplication with a line broadening factor of 2 Hz. The "Li*'P{'H}
HMQC 2D experiment was performed using spectral widths of 5399
Hz (*'P) and 2717 Hz ("Li), a final matrix after zero filling of 1024 X
128, and an evolution delay for "Jp;; of 50 ms. The "Li,">N HMQC 2D
experiment was performed using spectral widths of 20271 Hz (**N)
and 2717 Hz ("Li), a final matrix after zero filling of 1024 X 256, and
an evolution delay for "Jy;; of S0 ms. The *'P,"N{'H} HMQC 2D
experiment was performed using spectral widths of 20271 Hz (**N)
and 5081 Hz (*'P), a final matrix after zero filling of 1024 X 128, and
an evolution delay for "Jpy of 17 ms.

Computational Details. The geometries of all compounds were
optimized with the meta-hybrid density functional M06-2X* and a 6-
31G(d) basis set in the gas phase. Single-point energy calculations
were performed with the M06-2X functional and a 6-311+G(d,p)
basis. The performance of this functional proved to be superior to that
of the B3LYP previously used for the computations of the N-lithiated
species."* The SMD™ solvation model was used in M06-2X single-
point energy calculations. THF was used as the solvent. All stationary
points were characterized as minimum or transition states and checked
by vibrational analysis. The reported free energies and enthalpies
include zero-point energies and thermal corrections calculated at 183
K. Entropic contributions to the reported free energies were calculated
from partition functions evaluated with the quasi-harmonic approx-
imation of Truhlar and co-workers.*" All calculations were performed
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with Gaussian 09.** The 3D structures of molecules were generated
using CYLView (http://www.cylview.org)

General Procedure for the Dilithiation of (R)-5 and NMR
Sample Preparation. To a solution of phosphinimidic amide (R)-$
(0.4 mmol) in THF (S5 mL) was added a solution of t-BuLi (0.7 mL of
a 1.7 M solution in cyclohexane; 1.12 mmol; 2.8 equiv) at —90 °C.
After 15 h of metalation, 0.5 mL of the reaction mixture was
transferred to a S mm NMR tube under an N, atmosphere placed in a
refrigerated bath at —100 °C. Subsequently, the sample was transferred
to a magnet previously cooled to —90 °C. A set of 1D and 2D NMR
spectra were acquired in the temperature range of —110 to =70 °C to
elucidate the structure of (Sp,Rc)-10 (Figures S1—S9 in the
Supporting Information). N,C,q,-dilithium (Sp,Rc)-10 (spectra
measured at —100 °C): 'H NMR (THF-d,, 500.13 MHz) § 1.33 (d,
3H, ¥uu = 6.5 Hz, H22), 3.53 (s, 3H, H24), 4.51 (dc, 1H, 3y = 15.5,
¥ qu = 6.5 Hz, H7), 6.55 (dt, 1H, *Jyy = 6.9, “Joy = 5.8 Hz, H16), 6.67
(t, 1H, 3Jyy = 6.9 Hz, H15), 7.12 (dd, 1H, *Jpy = 8.2, *Ju = 6.9 Hz,
H17), 7.15 (t, 1H, 3y = 7.5 Hz, H11), 7.29 (m, 3H, H20, H21), 7.32
(m, 2H, H10), 7.85 (d, 1H, 3Jyy = 7.5 Hz, H9), 7.98 (d, 1H, ¥y =
6.9 Hz, H14), 8.08 (m, 1H, H19) ppm; C NMR (THF-dg, 125.76
MHz) § 22.9 (d, C22), 50.8 (s, C24), 52.1 (s, C7), 120.5 (d, 3Jpc =
15.5 Hz, C16), 124.2 (s, C15), 124.5 (s, C11), 1263 (s, C9), 127.0 (d,
3oc = 15.5 Hz, C20), 127.2 (s, C10), 128.3 (d, *Jpc = 26.4 Hz, C17),
128.5 (s, C21), 1322 (d, *Jpc = 7.0 Hz, C19), 141.5 (d, Jpc = 131.3
Hz, C12), 141.6 (d, *Jpc = 26.2 Hz, Cl14), 141.9 (d, YJpc = 115.6 Hz,
C18), 152.7 (d, ¥Jpc = 23.3 Hz, C8), 165.2 (s, C3), 208.9 (m, *Jcy; =
30.5 Hz, C13) ppm; *'P NMR (THF-dg, 202.46 MHz) § 33.3 ppm;
’Li, NMR (THF-dg, 194.37 MHz) 6 1.0 (s, Li$), 2.74 (d, YJp; = 8.0
Hz, Li25) ppm; SN, NMR (THF-dg, 50.67 MHz) 5 —288.7 (N2),
—308.3 (NS) ppm.
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