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Abstract: The mechanism of the anionic cyclization dearomatizing reaction of N-benzyl-N-methyldiphen-
ylphosphinamide (1) upon treatment with s-BuLi in tetrahydrofuran (THF) at —90 °C has been analyzed by
deuterium-labeling and natural abundance multinuclear magnetic resonance (*H, 2H, “Li, 13C, 3'P) studies.
In the absence of coordinating cosolvents such as hexamethylphosphoramide (HMPA), eight major anionic
species were identified, which allowed us to unravel the pathway of the metalation reaction. In agreement
with the complex-induced proximity effect (CIPE) mechanism, the sequence of transformations emerging
from this study involves the coordination of the lithium base to the P=0 group of 1 to give four dimeric
precomplexes whose NMR data are consistent with structures Va/Vb and Vllla/VIllb. The diastereomers
Va/Vb are the precursors of the monomeric benzylic anion Il, whereas the Vllla/VIllb diastereomers are
assumed to undergo ortho deprotonation leading to anions I. Translocation from the ortho anion to the
benzylic one is not observed. Intramolecular conjugate addition of anion Il to the P-phenyl rings happens
in a reversible way, affording the monomeric dearomatized anions Ill, IV, VI, and VII. The reaction progresses
to yield a mixture containing only the species |, lll, and IV. HMPA acts as a catalyst for the ortho-to-
benzylic translocation and anionic cyclization reactions. Two-dimensional (2D) “Li,**P{*H} shift correlations
and "Li{3*P} NMR spectra proved to be crucial for the structural assignment of the anionic species. These
techniques also demonstrated the diastereotopicity of the two achiral ligands involved in a dimer with s-BuLi
(Vb) owing to the slow configuration inversion of the carbanion center.

Introduction been further manipulated to provide heterocyclic derivatives.

Dearomatization reactions of aromatic hydrocarbons have A more efficient_ alternative tq t_his approach is provided by the
attracted much attention for quite some time. This continued 2MioNic cyclization dearomatizing methodoldy¥he general
interest is driven by the possibility of using low-cost and readily Procedure consists of the formation of a carbanion adjacent to
accessible starting materials for the construction of functional- & Netéroatom through a metalation reaction directed by an
ized carbocyclic compounds with a defined substitution pattern €/€Ctron-withdrawing group, which also activates the aromatic
and stereochemistry in a one-pot prock3#e intermolecular ring toward the subsequent intramolecular nucleophilic attack.

7 . . )
conjugate addition of a nucleophile to an electron-deficient Arr_ndes, sulfqnesff sulfonam|de§, and phosphinamidésare
aromatic hydrocarbon is one of the methods best suited to suitable functional groups for this dual role and have enabled
breaking down the conjugatet system of an aromatic rin. the introduction of nitrogen, sulfur, and phosphorus heteroatoms,
The usefulness of this strategy has been demonstrated through€SPECtively, into the heterocyclic moiety of dearomatized
the preparation of a series of natural bioactive substdrares systems. The dearomatized compounds have been used as

some biomimetic4.The initial dearomatized products have also
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building blocks for the synthesis of kainoitfspatural products
analogue$§12and functionalizeg-aminophosphinic acid<$:'3
Recently, Clayden et al. demonstrated the feasibility of using
two different groups for aromatic ring activation and anion
stabilization in the dearomatization of oxazolylnaphthalenes
bearing an ether appendag¥. Upon metalation in thex
position with respect to the oxygen atom, the oxazoline Michael
acceptof® drives an anionic cyclization reaction, yielding
dearomatized oxygen heterocyclés.

The optimization of the dearomatizatieelectrophilic trap-
ping reactions ofN-alkyl-N-benzyl(diphenyl)phosphinamides

revealed some mechanistic hints that can be summarized as

follows:1” (1) coordinating solvents such as hexamethylphos-
phoramide (HMPA) or 1,3-dimethyl-3,4,5,6-tetrahydropyrimi-
din-2(1H)-one (DMPU) notably accelerate the reaction, the best
results being obtained with the latter; (2) significant amounts
of products derived from ortho and benzylic metalation were
formed for short metalatiort;) and electrophilic quenchingd,j
times; and (3) the anionic cyclization step is reversible, which
allows one to obtain products of either kinetic or thermodynamic

Scheme 12
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2 (1) s-BulLi (2.5 equiv), DMPU (none or 6 equiv), THF90°C, t;. (2)
E*, =90 °C, to. (3) HO.

control. The general picture emerging from these experimental

results is shown in Scheme 1 for the particular cadé-bénzyl-
N-methyl(diphenyl)phosphinamid&)( The products isolate@(

3, and4) are consistent with the participation of three possible
anions: the ortho-lithiated specieghe benzylic derivativdd
and the dearomatized intermedidiie. This situation is similar

to that reported for the anionic cyclization dbEbenzylaryl-
amidest® By analogy with the mechanism proposed for the
dearomatization of these compounds, we assumed that the or
anion may translocate to the benzylic one. It must be pointe
out that Clayden et al. suggested that the cyclization step o
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lithiated arylamides is better described as an electrocyclic ring
closure rather than a standard Michael additin.

The reactions that produce anidnandll upon treatment of
phosphinamidel with s-BulLi are examples of ortho- and
benzylic-directed metalation, respectively. Directed lithiations
are a topic of considerable deb&td he selective deprotonation
of an ortho or benzylic position assisted by an electron-

thgwthdrawmg group bearing electron lone pairs may be explained
d through the complex-induced proximity effect (CIPE) motel.
fTh|s mechanism considers the lithiation as a two-step process.

First, the coordination of the lithium cation of the base with
one Lewis basic heteroatom of the substrate results in the
formation of a complex. This complex brings the carbanionic
center of the base close to the acidic proton, thus favoring the
transfer of the proton in the second step. Ortho-directed
deprotonations have been interpreted by an alternative mech-
anism involving a one-step reaction. In this model, the meta-
lation is described as a kinetically controlled transformation for
which the term “kinetically enhanced metalation” has been
coined?? A detailed analysis of the lithiation of phosphinamides
in THF solution in terms of these models has not been previously
performed. In this article we describe the isotopic-labeling and
NMR study of the mechanism of the reaction gfalkyl-N-
benzyl(diphenyl)phosphinamides wiskBuL.i leading to dearo-
matized products. Deuteration reactions afforded the distribution
of anionic species present in the reaction medium, and the use
of deuterated phosphinamides showed the feasibility of anion
translocation. NMR monitoring of the reaction made possible
identification of all the intervening lithiated intermediates and
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demonstrated the existence of an equilibrium between the D 0
dearomatized anions corresponding to the kinetic and thermo- Q /—Ph o] >—ph D F’>';-1Ph
dynamic products of the reaction. The study also showed that Ph=P N Ph- P—N C\ N-Me
deprotonation ofl is preceded by a precomplexation step in @‘D Me Ph/ Me =T
which the base and the phosphinamide are held in close HH Ph
proximity. 7Li,3!P shift correlations were used to establish the 2-d 3-d 4-d
connectivity between thé.i,3!P spin pairs of each species. The od

role of coordinating cosolvents has been elucidated by perform-
ing the NMR measurements both in the presence and absence
of HMPA.

Results and Discussion

First, we will comment on the results obtained from deu-
teration reactions of dearomatizddand dearomatization of
deuterium-labeled phosphinamides. Second, an extensive NMR
study of the lithiation ofL will be discussed. Within each section
the experiments performed in the absence of cosolvent are
treated first, and the effects of the addition of HMPA are
analyzed subsequently.

Isotopic-Labeling Studies.The general reaction conditions
for the synthesis of the benzoazaphosphaleéScheme 1) 12 hours
consisted of the treatment of a THF solutionloand 6 equiv
of DMPU (or HMPA) with 2.5 equiv ofs-BuLi at —90 °C for 90 B0 70 00 8 L0 %0 2010
ta min,_ fqllowed by the addition of the appropriate electrophi_le Figure 1. 2H{H} NMR spectra (46.5 MHz) of the dearomatization
and stirring fort, min at the same temperature. Unless otherwise deuteration ofL as a function of the metalation tinte Spectra measured
stated, the starting phosphinamide used throughout the text will from the crude product in CDe&ht room temperature.
be 1. Phosphinamidé& contains only one benzylic moiety, and
in terms of NMR, the methyl group is a good reporter of the Table 1. Distribution of Products (%) in the
transformations thatl may experience along the reaction Deazlromatization—Deuteration of 1 at Increasing Time (t,) Based

. . .= on “H NMR Measurements?
pathway. The reaction timeg andt, were optimized for each

electrophile;t; = t, = 30 min for trapping the dearomatized f (s-Bull) 2d i 4d
species with organic protonating agettsihereas for aldehydes 1 min 36 15 49
the process was completed for reaction times as shortas, 30 min 37 12 51
= 1 min!’ These differences mirror the different reaction rates 62 Eﬁ n gg 13 2’72
of the lithiated species present in the medium toward a proton 12 h 33 7 60

or a carbonyl group. The proton is so reactive that it irreversibly
quenches a” anions |mmed|ate|y and in an |nd|scr|m|nate aThe concentration df in the'H NMR spectrawas below the detection
manner. The fact that in the sequence of dearomatization
protonation reactions the metalation step requires 30 min to
achieve good yields of dearomatized products indicates that this
time is necessary for the evolution of the ortho and benzylic
anions to the dearomatized lithiated species. Otherwise, proto- | N
nation of these two types of anions will regenerate the starting SPctra. As a result of the very small chemical shift difference
phosphinamidé? In sharp contrast, aldehydes react very rapidly Petween2-d and3-d, the *H and *P NMR spectra afforded
and selectively with the dearomatized nucleophile, driving the Ny the ratio of dearomatized versus open-chain products
equilibrium among the anions to the dearomatized species,Ptained. In contrastH NMR spectra allowed us to readily
which is consumed through reaction with the aldehyde. identify al! deuterated compounds because each degterlum
To determine the anion distribution at a given metalation time, PSorbed in a well-separated region of the spectrum. Figure 1
we used RO as quench reagent (Scheme 1). Assuming an s_hov_vs the measuredi NMR spectl_ra, and Table 1 gives the
almost negligible isotopic effect of £ versus HO, deuteration distribution of products as a function ¢f deduced from the

of the aniond to Il will provide three different products2-d, integrals of the respective product signals in the spectra. Previous
3-d, and 4-d (in all cases E= 2H without the equilibration studie$®@13have shown that quenching the dearomatized anions

observed when the electrophile was an aldehyde). Thus, a seriedith H20 and MeOH affords mixtures of products arising from
of experiments was performed in which phosphinantideas the protonation at the alpha (cis/trans isomers at the bridging
lithiated as stated above for a tinte No cosolvent was used carbon atoms), gamma, and epsilon positions with respect to

because in the presence of DMPU or HMPA the anionic th® Phosphorus atom. To prevent confusion, we grouped all
cyclization is too rapid to establish any reasonable trend betweend€uterated dearomatized compounds under the genericiabel
The deuterium signal corresponding to the epsilon derivative
(23) The magnitude d = 30 min represents a value optimum for most of the IS Clearly seen in all spectra &t= 2.2 ppm (relative yield of
protonating reagents used that takes into account solubility problems at 3%). In the spectrum measuredtat= 12 h, the2H signals of

the temperature of-90 °C. For simple alcohols, this time can be reduced . .
to 1 min, as deduced from the decoloration of the reaction mixture. the products having a deuterium atom at the alpha and gamma

the anions’ The reactions were quenched with@THF at
—90 °C for 30 min, and then aqueous workup gave the crude
mixtures that were analyzed through thiir 2H, and3!P NMR

J. AM. CHEM. SOC. = VOL. 126, NO. 39, 2004 12553
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Scheme 2 @ 1 afforded a mixture of7-d»/8-d,/9-d, in a ratio of 1:1:2. The
O DD O DD product distribution was established based on the integrals of
HZNXPhi)> Ph’/B\NXPhA Ph’/B\NXPh the signals of H-3a, H-7, and H-10 in thid NMR spectrum of
DD PR K 3) Ph the crude mixture (Figure 2). CompouBet, is derived from
5 1'\:3 the attack of the benzylic anion on the nondeuter&guthenyl
=2 a2

ring containing two equivalent ortho positions. Consequently,

2 (1) PhP(O)CI, ESN (2.5 equiv), toluene;-78°C. (2) NaH (2.2 equiv),  twice as much9-d, can be formed with respect to the other
THF. (3) Mel (1.1 equiv), rt. isomers. The statistical distribution of isomers obtained indicates
that, as expected, there is no isotopic effect in the anionic
cyclization step.

The assignments deduced from the proton spectrum were
confirmed through the convention&C and attached proton test
(APT) NMR spectra of the crude product, the latter being
optimized for the quantitative determination of quaternary
carbong’® The integral measured for the signals of C-3, C-10,
C-3a, and C-7 gave a ratio of 4:2:1:1. The magnitude of the

positions with respect to the phosphorus atom appear=at
2.97 and 2.85 ppm, respectively.

From the results in Table 1 we concluded that in the absence
of coordinating agent, 49% dearomatization takes placg by
= 1 min. The yield of4-d increases to 60% with increasitg
at the expense of théH-benzylic derivative3-d (i.e., the
benzylic anion precursor). Curiously, the concentration of the

ho- i.e., the ortho-lithi inter- :
ortho-deuterated compouritdd (i.e., the ortho-lithiated inter coupling constant&Jy (X = 2H, 31P.n — 1, 2) measured from

medi remains practicall n %) within experi- . .
ediate) remains practically constant36%) within expe these spectra for the labeled carbons are summarized in Table

mental error. In other words, the translocation is apparently S
inhibited in the absence of cosolvent. Therefore, the distribution 2 The absence d-d suggesits that the kinetic isotope effect

of deuterated products also indicates that the ratio of ortho: inhibits the direct lithiation ofl-d; at the benzylic position. On

benzylic lithiation of1 achieved bys-BuLi is approximately :ZSeczlz etrhg?n:r;ig;‘etrs;?,ts'fct,f:tli;ﬂnﬂ“?gchéﬁidf) ?2?:&226 q
36:642* Consequently, the direct lithiation at the benzylic

position of1 is favored by a factor of nearly 2 with respect to possible and that the cgordmatmg ggents HMPA or DMPU
the ortho lithiation. The preferred lithiatiom to the nitrogen catalyze the transformation by lowering the energy barrier of

S . the process.
atom of 1 is similar to the known preference for benzylic . .
lithiation of N-benzylbenzamide®.In contrast, the lithiation NMR Studies. We next attempted the structural characteriza-

. . . . : tion of anionsl, I, andlll by monitoring their formation
alkylation of N-benzylN-methyl(diphenyl)thiophosphinamides - ] .
at low temperature in the presence NN,N',N'-tetramethyl- reactions with NMR spectroscopy. Most of the NMR studies

ethylenediamine (TMEDA) leads exclusively to products of were carried out on a spgctrome.ter operating at a proton
ortho lithiation28 frequency of 300 MHz. The information collected was comple-

In the presence of cosolvent the dearomatizatiord aid r_nented by datzla measured on a spectrometer of higher magnetic
subsequent protonation with 2,64@-butyl-4-methylphenol field (11'74 T, H frequency,/ of 500 MHz) re_cently purch_ased
yields4 (E = H) almost quantitatively3 This fact suggests that by _the University of Almera (see_ Supporting Informat_lon),
either the translocation is accelerated by the action of the Wh'Ch. allowed us.to 7p§rformsltnple-resonance gxperlments
coordinating cosolvent or the cosolvent exclusively favors |nvolv.|ng the m.JCle'lH’. Li, and *'P. For sake of clarity, these
lithiation at the benzylic position. To check these hypotheses, experiments will be discussed separately. The NMR samples

we applied the optimized dearomatizatigurotonation sequence of approxmately 0.2 M in THFdE.‘ were prepared un_der
of reactions to the phosphinamideds, which is dideuterated conditions analogous to those used in the bulk (see Experimental

g , ) .
at the benzylic position. Phosphinamitiel, was prepared in Section)?® The only difference was that partial evaporation of

84% overall yield in a three-step process involving the treatment the solvent from thes-Buli hexane solution under reduced

of the doubly labeled benzylic amirfed, with diphenylphos-  Pressue at-20°C s ”Tsﬁd to r‘j‘?uceLt_he '”ttehns'té’."f t:‘e u
phinoyl chloride in the presence of triethylamine (2.5 equiv) in wanted hexane signals. The resultsguliwas then dissolve

toluene at—78 °C, metalation of the resulting phosphinamide in THF-dg (0.25 mL) and transferred to an NMR tube containing

with NaH in THF at room temperature, and addition of Mel oa solution of phosphinamid in THF'dE? (0.25 mL) at—=90 .
(Scheme 2§7 C. The effect of the cosolvent was studied on samples to which

If the lithiation of 1-d, took place exclusively at the benzylic 0 €quiv of dry HMPA was added prior to the metalation step.

position, then only the tetrahydrobenzazaphoshlmono- We first tackled the NMR structural study in the absence of

deuterated at the carbon linked to the phenyl substituent wouldﬁozr(i'nri:'nt? nag??tin?s “6;1 \r/Sr?url: :KA;T lro‘gi;PrS‘t? 2f tthe
be formed (Scheme 3). In contrast, the dearomatized products ansformation o 0 € 0 s no
present. The sample was transferred to the spectrometé&at

derived from an anionic translocation (i.@-g,, 8-d,, and9-dy) °C. and then a series 8H. 3P and'3C. 1H DEPT135 NMR

would exhibit a scramble of the deuterium label between all spectra were sequentially measured at increasing metalation time
ossible ortho positions with respect to the phosphorus atom . L
b P P phosp (t1).20 The spectra obtained are shown in Figures3

(Scheme 3). The dearomatizatieprotonation ofl-d; under the Th i ¢ d'in the first minute of i
same reaction conditions used for the unlabeled phosphinamide, . € proton spectrum measured in the irst minute ot reaction
(Figure 3,t1 = 1 min) exhibits signals corresponding to the

(24) The ratio of 30:70 has been estimated for the ortho:benzylic deprotonation

of N-benzylbenzamides. See ref 18a. (28) One-dimensional APT3C NMR optimized for quaternary carbons:
(25) Fraser, R. R.; Boussard, G.; Potescu, I. D.; Whiting, J. J.; Widfield,.Y. Y repetition delay of 2 s, spinecho time of 1/(3ch) (Jcn = 145 Hz) 3.03
Can. J. Chem1973 51, 1109. ms. Patt, S. L.; Shoolery, J. N. Magn. Resonl1982 46, 535.
(26) Yoshifuji, M.; Ishizuka, T.; Choi, Y. J.; Inamoto, Netrahedron Lett1984 (29) About five samples were examined in each spectrometer. They gave
, 553 consistent and reproducible results. Among the variables analyzed, we
(27) The quantitative formation of the intermediftdoenzylphosphinamide was evaluated the effect of cosolvent, concentration of base, temperature, and
monitored by3!P NMR spectroscopy of aliquots of the reaction. time of metalation.
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N-Alkyl-N-benzyldiphenylphosphinamides ARTICLES
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Figure 2. H NMR spectrum (300.13 MHz) of the crude mixture &fti,,
8-dy, and9-d, measured in CDGlat room temperature. M Jk‘
Table 2. "Jcx (Hz) for the Deuterated Carbons of 7-d», 8-d», and 13 min
9-d,
compd IJCDC% ZJFCC% lJCDC%a ZJPccfsa 1JCDC77 ZJPC(%? IJCDcflo ZJpCc—1o /IV\
7d, 106 324 188 140 NN
8d, 106 324 131 96 54 min
9d, 10.6 324 10.6 36.2
n
starting phosphinamide [6 2.46 (3H,3Jpy = 11.3 Hz), 4.11 |
(2H, 3Jpy = 6.4 Hz), 8.18 (4H)]. Att; = 13 min, all previous ot min v
signals are broadened and new signals appear in the aromatic
(Hotho of P-phenyl rings,6 7.96 and 8.34 ppm) and, most 88 80 72 64 5'6(ppm‘)"8 40 32 24

importantly, olefinic  5.73 and 6.16 ppm) regions, which 5 4 \MR spectrum (300.13 MHz) of the lithiation df with
unequivocally arise from a dearomatized species. An additional s gyLi as a function ot;. General conditions: THEs, —90 °C, 16 scans
signal atd 4.25 ppm is overlapped with that of the methylene accumulated; total measuring time per spectrum of 1 min.
protons ofl (6 4.11 ppm). The intensities of the new signals
increase with increasing; at the expense of those df. = 11.3 Hz) ppm in the ratio of 1.4:1, and the olefinic region
Therefore, the dearomatized species can be safely assigned ashows two new multipletsd( 5.69 and 6.08 ppm) barely
I, the precursor of the product isolated in the dearomatization discernible at the base of the more intense one (approximate
protonation of1.31 When almos 1 h of reaction has elapsed intensity ratio of 1:0.1). We assigned the latter set of new signals
(Figure 3,t; = 54 min), 1 is practically consumed. Two new to a second dearomatized intermediife On the other hand,
NMe doublets appear @t2.23 €Jpy = 8.7 Hz) and 2.54%0py the methylene group @t 4.11 ppm evolves into three partially
— overlapped signals: multiplets 8t4.08 and 4.23 ppm and a
O e epatiion rate of the experiment i controied by the reraxaiion tine o Proad singlet a® 4.17 ppm. An additional increase of the
the protons, which is shorter than those of the carbons. Therefore, a reaction time produced only minor changes (Figuré 3; 91
e e T A ot e Min), the most iteresting being the observation of a tNe
to obtain information about the early stages of the reaction, where the doublet of low intensity aty 1.92 ppm f\]PH = 8.3 Hz)and a

intervening species are being transformed throughout the measurement of . L . .
the spectr%_ P g g broad signal a® 3.9 ppm. Significantly, the integral ratio of
(31) We assigned to specills the same relative configuration found #rthe the NMe signals atd 2.23 and 1.92 ppm is the same as that

product isolated in the dearomatizatioprotonation reaction, on the . .
assumption that in the protonation the integrity of the stereogenic centers found for the two sets of olefinic multiplets (1:0.1). To

will not be affected. This assignment as well as that of spddfesill be ; ithiati
confirmed in the section discussing the sample prepared in the presence ofsummarlze, théH NMR study shows that the lithiation df

HMPA. leads to the formation of two dearomatized intermedidlies
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Figure 5. DEPT-135 NMR spectra (75.5 MHz) of the lithiation bfwith
| s-BuLi as a function of;. General conditions: THHEs, —90 °C, 280-600
66 min scans accumulated; total measuring time per spectrum-8fL.3min.

74 min broad signalV begins to emerge abd 45.38 ppm, which
Va yp apparently splits into two sharper signals of unequal intensity
att; = 74 min (labeled as speci&&a/Vb). Finally, the steady
state is reached & = 92 min. Similar to the proton spectrum,
92 min v only specied, Il , andlV remain in solution in a ratio of 1.2:
- 1:0.1. Their respectivé'P chemical shifts aré 32.85, 36.03,

and 41.48 ppm. The assignment of i signals was readily
Py ( J of the lith ahwith achieved through théH,3'P gHMQC spectrum optimized for
Figure 4. *'P{H} NMR spectra (121.49 MHz) of the lithiation dfwit the observation of phosphoruproton long-range couplings
s-BulLi as a function oft;. General conditions: THRls, —90 °C, 40-400 . . . .
scans accumulated; total measuring time per spe?:trum—d:ﬂ]min. (Figure S1, Supporting Information). The phosphorus of species
_ _ _ _ _ [l andIV correlated with olefinic protons, while the signal of
and IV in an approximate ratio of 1:0.1 plus a third species | only showed correlations with aromatic and aliphatic protons.
characterized by aNMe group at 2.54 and a broad singlet at The DEPT-135 spectra helped to clarify the type of inter-
0 4.173§)pm. _ o mediates formed during the process (Figure 5). As expected,
The?'P NMR spectra proved to be more informative inregard ¢ first spectrum acquireds(= 3 min) was dominated by the
to the distribution of species in the reaction mixture owing to signals of1 [dc 32.76 (CH), 52.25 (CH)]. Nevertheless, an
the h?gher dispersion of signgls (Figure {1). In the first spec’Frum incipient signal of positive phase is observedat9.8 ppm.
acquired & = 2 min), besides the signal of the starting s chemical shift is appropriate for a benzylic CH, and the

phosphinamidel at o 29.28 ppm, two new broad signals o source available for this type of carbon is the benzylic
corresponding @ (6 33.15 ppm) andil (6 36 ppm) can be  gnion ||, The concentration ofi increases slightly over the

identified above the noise upon increasing the vertical scale. oyt 13 min and reaches a maximurrtas 77 min. This last
These two signals became clearly visible in the spectrum spectrum, measured just after @ spectrum at, = 66 min,
measured 12 min later. Moreover, the asymmetry of the signal 4¢5rqed additional key information. Let us focus on the
labeled a3 suggest_s that it, in fact, corresponds to tw_o_ partially relatively intense signal of negative phaseda62.25 ppm.
overlapped broad signal 83.12 and 33.15 ppm). Additionally,  considering that at this time the starting phosphinamide was
anew broad signdl appears ab 23.13 ppm. The intensity of -4 ctically consumed, this signal cannot be derived from the
the new species continues to grow with the consequent methyiene carbon ofl; it must arise from the analogous
degreasmg ofl as the reaction Progresses, ex.cept thati of methylene carbon of an ortho-lithiated species such as inter-
which decreases slightly. Af = 25 min a new signal appears  megiatel 33 This conclusion implies that the carbons of theCH

ato 41.44 ppm corresponding #. Over the next 30 min @ 415,05 of1 and| absorb at the same chemical shift under the
reequilibration between the species already present takes plac?neasuring conditions. The same arguments apply td\tfle

(Figure 4,t; = 55 min): the phosphinamide has practically  gjgnais of1q, I, andll, all of which coincide a® 32.75 ppm.
disappeared, and the two overlapped signals assigne@m® e remaining signals of the spectrum are assigned to the highest

now partially resolved due to the reduction of the intensity of . entrated dearomatized spetiesAgain, the spectrum after
the more deshielded one. Their actual chemical shifte &&1 reaching the steady state (Figurets= 98 min) shows no

and 33.39 ppni? For t; = 66 min they collapse again into @  gignais corresponding to compouiid only the signals for
broad and intense signal at33.1 ppm. Interestingly, a Very  gniong| andlll are observed. The concentration of the second

46 42 38 34 30 26 22

(32) The slight variations of the chemical shifts are a consequence of the changes
in the concentration of the different species in the reaction mixture with (33) The structural elucidation and synthetic applications of ortho anions such

increasingt;. The 3P nucleus is very sensitive to these changes. Possible as | is currently under study. To exclude complications derived from
fluctuations of the temperature are considered negligible. Tebby, J. C. In possible benzylic deprotonation we are udidtdiisopropyldiphenylphos-
Phosphorus-31 NMR Spectroscopy in Stereochemical Analysis. Organic phinamide as the starting material. As suggested by a reviewer, the lithiation
Compounds and Metal Complexegerkade, J. G., Quin, L. D., Eds; of 1-d, would be very informative also. We thank the referee for this
VCH: Weinheim, 1987; Chapter 1, pp-50. suggestion. These results will be reported in due course.
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dearomatized specid¢ was too low to be detected, even after I

the accumulation of 600 scans. 1%
Variation of the concentrations of speciesaind Il during HOPL) =74k e
the NMR study (Figure 4) and correlations observed in the M ARLy=6ane
1H,3'P gHMQC spectrum indicate that the benzylic anibn It ﬁ
gives rise to only one signal & 23.13 ppm, whereas two ortho- .. L

lithiated species are initially formed, giving signals ate 33.1 T T T R S S T
and 33.39 ppm that evolve into a single signal@82.85. More e e s a8 s %%
. . . (Ppm)
importantly, this study clearly shows that the benzylic and ortho a1 N .
anions are formed almost simultaneously, with an apparent 72" ¢ P NMR spectrum (121.49 MH2) of the lithiation dfwith

Y, Pp s-BuLi measured at; > 2 h in THF-dg at—70 °C. The FID was multiplied
preference fot (cf. 3P NMR spectra al; = 2, 14, 25, and 55 by a Gaussian of LB= —8 and GB = 0.04 prior to the Fourier
min). The benzylic anioifi evolves through anionic cyclization  transformation.
to give the dearomatized aniolis andIV, whereas the ortho . ] )
lithiated compound remains in solution. Once all species Spectrum, the narrowing of the signals revealed the existence
equilibrated, integration of th#P NMR spectrum afforded a  Of phosphoruslithium-7 couplings. At=70 °C, the signals at
ratio of dearomatization:ortho lithiation of 57:43, which is in 0 36.03 and 41.48 ppm split into quartets’dfxn) = 6.4 and
reasonable agreement with the ratio of 64:36 deduced from the?-4 Hz, respectively. This means that each phosphorus nucleus

deuteration reactior®é.However, the relative concentration of 1S coupled to only one lithium nucleus, and therefore, the
| in the time period; =14—74 min is higher than that of the lithiated dearomatized compountls andIV are both mono-

remaining anions. Given that the translocation frbito Il in mers (Figure 6). The detection &k; couplings is a well-known
the absence of HMPA has been excluded through the labelingStructural tool for the identification of the aggregation state of
studies, we interpret the comparatively high intensityl ft lithiated phosphoramid&sand phosphonamidé$Reich et al.

intermediatet; values as the result of the formation of mixed developed a very efficient methodology for studying the ion-
aggregates of undefined structure betwéemd other anions ~ Pairing state of organolithium compounds through HMPA
present in solution. This hypothesis is supported by the titration. The degree of HMPA coordination to lithium is
broadening observed for t#éP signal ofl in the first hour of ~ deduced from the measureédpy; couplings?® Our results
reaction. We tentatively assign a dimeric structure tased  indicate that the #O group of a phosphinamide also coordi-
on the recent characterization of ortho-lithiatsd\-diisopro- nates to a lithium atom with a magnitude fej) similar to
pylbenzamide as a dimét.As the reaction progresses, the those found in phosphoramides. Unfortunately, @i
thermodynamically more stable species prevail in solution. ~ coupling could be resolved for the phosphorus signal of the ortho

i 39
Prior to undertaking spectral assignment of compount, anion|. . o
andIV, we increased the temperature of the sample fre®0 Raising the temperature t670 °C had no significant effect
to —70 °C in steps of 1°C and measured the spectra at the ©n the**C NMR spectrum (i.e., the concentration bf was
new temperatures. This temperature modification was imple- still too low to be detected within a reasonable measuring time).
mented for two reasons: (1) narrower signals may be expected! "€ complete structural assignment of aniénand il was

due to the reduction of the viscosity of the sample, and (2) the ¢afied out at—70 °C based on the analysis of tHel,*C
equilibrium state between the species present in solution could9#MQC, and gHMBC spectra (Figures S2 and S3, respectively,

be altered. To our delight, both effects were observed, therebySUpporting Information). The gHMQC allowed us to identify
providing important structural and chemical information. Thus, (he mostrelevant €H pairs of nuclei of both compounds. For

increasing the temperature from90 °C by 10°C produced | these are limited to the GHow 2.56 ppm e :.11'3 Hz);
better separation of the olefinic signals I6f and IV in the dc 32.75 ppm] and Chi[on 4.18 (Jpy = 5.7 Hz); dc 54.26

proton spectrum and an overall improvement of the resolution PPM] of the amine moiety and the¥#° of the P-phenyl rings

of all signals. Moreover, a small but measurable increase of [o 8-34 ppm;o 133.53 ppm ec = 9.4 Hz)] (Figure S2,

the relative concentration 0¥ with the consequent reduction ~ SUPPorting Information). S

of that of Ill was noted. These trends became even more A Selection of NMR data ofll is given in Table 3. The
noticeable when the temperature was further increase7@ dearomatized system is readily assigned through the correlations

°C. The new ratio of compounidl :1V obtained by integration

(36) (a) Barr, D.; Clegg, W.; Mulvey, R. E.; Snaith, R.Chem. Soc., Chem.

of theNMe signals is 1:0.17 (cf. 1:0.1 at90 °C). Additionally, Commun1984 79. (b) Barr, D.; Doyle, M. J.; Mulvey, R. E.; Raithby, P.
; i if — R.; Berd, D.; Snaith, R.; Wright, D. Sl. Chem. Soc., Chem. Commun.
a doublet is clearly identified at 4.18 ppm £JpH = 5.7 Hz), 1989 318. (¢) Reich, H. J.; Green, D. P.; Phillips, N. B.Am. Chem.
corresponding to the methylene protond ofhe existence of i‘,’égli’?i é%93444' (d) Reich, H. J.; Green, D. B. Am. Chem. Soc.
the phosphorusproton coupling was confirmed through the- (37) Denmark. S. E.. Miller, P. C. Wilson, S. B. Am. Chem. S0d991, 113
{3'P} spectrum. 1468.
. . . (38) (a) Reich, H. J.; Borst, J. P.; Dykstra, R. R.; Green, DJ.FAm. Chem.
The changes in th&'P NMR spectrum with the increase of Soc.1993 115, 8728. (b) Reich, H. J.; Holladay, J. E.; Mason, J. D.;

H H H Sikorski, W. H.J. Am. Chem. Sod995 117, 12137. (c) Reich, H. J.;
temperature revealed even more information. Besides the Gudmundsson. B. QI Am. Chem. Sod996 118 6074. (d) Reich, H. J.

reduction of the ratiolll :IV already deduced from thé&H Green, D. P.; Medina, M. A.; Goldenberg, W. S.; Gudmundsson, B. O.;
Dykstra, R. R.; Phillips, N. HJ. Am. Chem. Sod 998 120, 7201. (e)

Reich, H. J.; Holladay, J. E.; Walker, T. G.; Thompson, JJ.LAm. Chem.
(34) Some possible reasons for the difference observed are the higher concentra- Soc.1999 121, 9769. (f) Sikorski, W. H.; Reich, H. 3. Am. Chem. Soc.

tion of the NMR sample with respect to the standard reaction and most 2001, 123 6527.

probably the imprecision of the integration of broad signals due to the (39) One may reasonably assume that in this anionic species=tbeliRkage

reduction produced by short transverse relaxation times of different nuclei. will coordinate to the lithium cation, leading to a possible scalar coupling
(35) Clayden, J.; Davies, R. P.; Hendy, M. A.; Snaith, R.; Wheatley, A. E. H. via 2J(3%7;). However, if this coupling exists it must be smaller than the

Angew. Chem., Int. E®001, 40, 1238. resolution achieved in the experiment.
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Table 3. Selection of NMR Data of Ill Measured in THF-ds at —70

oca ¢) 'Li{*P, 'H}
CH n "Jow ¢ MJoc
3 4.05 75.89 17.9
3a 4.05 b 56.19 17.4
4 4.12 4.6 98.28 5.2 3.0 25 20 15 1.0 05 0.0 ppm
5 5.69 129.90 s
6 4.24 7.7 93.66 15.1
7 6.14 8.4 133.85 16.0
7a 67.32 143.9 b) Lif'H}
9 143.40 133.8
10 7.94 b 134.82 7.5 / J
13 145.75 10.4 1) l
a$ in ppm, J in Hz. P Not measured due to partial signal overlap. 20 25 20 15 10 0s 0o p'pm
of the olefinic methyne groups. As expected, thé sarbon 2P(H) "
C3a absorbs at the highest field. The delocalization of the v )
negative charge through carbons C4 and C6 produced a large ,
upfield shift [AS(Ill-4 ) = —24.5 ppm for C4] 4, R! = Me, E } " / iy N n
= H, Scheme 1), whereas carbons C5 and C7 are much less -

affected NO(IIl -4) = 4.5 ppm for C5 gnd—l_._? ppm for C7]. 46 44 42 40 % 36 94 32 30 28 26 24 ppm

The qu_aternary Carb.on C7a was identified _based Or_] the Figure 7. NMR spectra of the earlier stages in the lithiation lofvith

correlations c_)bserved mthe gHMBC spectrum vv_|th H3a (Figure spyLi at —110 °C in THF-ds. (a) SP{IH} (202.46 MHz), including

S3, Supporting Information). For this correlation four cross expansions ofll and VI; (b) “Li{*H} NMR (194.37 MHz), including

peaks are obtained due to the passive coupling‘Roeither expansions o¥/; and (c)’Li{3'P!H}. In all cases Gaussian multiplication
. . PSP of the FID (LB= —2, GB= 0.14 for3'P and LB= —4, GB= 0.24 for’Li)

during the 'eVO|Ut|On1(]pC) or acquisition tlmea@,PH)'_ Moreover, was performed prior to the Fourier transformation.

the negative slopes of the cross peaks indicate that both

couplings are of _opposite relati\_/(_a sigr_L Considering that ilj PMV) , the monomeric dearomatized compouridsand IV, and
compoundsiJec is always positive? it follows that 2Jpy is the unknown specie¥. No translocation from to Il was
negative. On the other hand, the correlation of H3 with C4 pserved, in agreement with the labeling studies. The arions
facilitates the unequivocal assignment of C4 and, by default, 5nq 111 were fully characterized. In the first case, only one
C6. Regarding the stereochemistry 8f, we tentatively  jsomer persisted when the steady state was reache@GtC.
assumed that the stereochemistry of the product of the de-gimijar to 111, compoundV also forms a monomeric contact
aromatization-protonation sequencereflects the stereochem- 5, pair. However, the low concentration i, and in the case
istry of the major component of the mixture (i.B1,). Although o | jts short lifetime, impeded complete structural character-
in light of the Curtin-Hammett principle this is not necessarily - jzation. No information about the aggregation state of benzylic
true, this assumption was later confirmed (see below). Signifi- 5hion1l and the species labeled ¥scould be obtained.
cantly, .car_bo_n C6 shows the widesSC NMR signal P> = "Li, 3P Shift Correlation. Triple-resonance experiments were
46 Hz); this is the position generally attacked by most of the carried out on a NMR spectrometer working at a proton
electrophiles used to trap the dearomatized specids dhe frequency of 500 MHz. A fresh 0.2 M sample in TH-was
increased signal width may be explained by the proximity of prepared, and th#P and’Li NMR spectra were measured at
the quadrupolar lithium-7 nucleus, which causes an increase in_90 oC ,Due to the larger spread of frequencies available
t_he_ transverse relaxation ré&e‘l;his fea_lture suggests that the species that at 300 MHz are in the fast-exchange regime on tr;e
Igr?uum c_a'f[lon;?hmc;st proba?ly (;qurdmatid todth_e CﬁC_?— Th NMR time scale (giving rise to an average signal) might now
amolety ofthe dearomatized six-mempuered ring anion. 1€ ,. jserved as individual components at the higher field of 500
dissymmetry of the coordination would be forced by the MHz. This proved to be the case as can be seen HENAIMR

ﬁ(;?rzdtlrr::tlogoof tﬁgri&?ﬂ?'ron:p;ocghe :!;h'ugst?;?]’t a;:aedurzzd spectrum shown in Figure 7a (cf. Figures 4 and S4, Supporting
phosphorusiithium- upling N sured. Information)32 The excess o§-BuLi is clearly established in

Also noteworthy is the large increment &b experienced by the IH NMR spectrum by the signal of the lithiated methine

1 - =
C7? I[At.JPC(r:“ 4)b 232 HZ]' |SUCht e;f(_actstrc])r{]pchupo;\ group ato —0.89 ppm (Figure S5, Supporting Information).
metaation have been previously noted In other phosphorus-ryq signals assigned to the ortho anibr{probably mixed

stabilized anion$? . L
. . aggregates and/or stereoisomeric dimers) are very broad and of
To summarize the NMR results discussed above, the study goreg ) y
of the lithiation of1 in the absence of coqrdlnatlng cosolveqt (42) (a) Bottin-Strzalko, T+ Seyden-Penne, J.: Simonnin, Mi-Zhem. Soc.,
showed the presence of at least five intermediate species,  Chem. Commun1976 905. (b) Bottin-Strzalko, T.; Seyden-Penne, J.;
I—V: the ortho anion (presumably a dimer), the benzylic anion Froment, F.; Corset, J.; Simonnin, M.-. Chem. Soc., Perkin Trans. 2

1987 783. (c) Denmark, S. E.; Dorow, R. J. Am. Chem. Sod99Q
112 864. (d) Denmark, S. E.; Swiss, K. A.; Wilson, S. R.Am. Chem.

(40) (a) Kalinowski, H. O.; Berger, S.; Braun,’8C NMR Spektroskopi&eorge Soc.1993 115, 3826. (e) Lpez-Ortiz, F.; Pélez-Arango, E. J.; Tejerina,
Thieme: Stuttgart, 1984; p 420. (b) pez-Ortiz, F.; Pélez-Arango, E.; B.; Paez-Carrén, E.; Garta-Granda, SJ. Am. Chem. Sod995 117,
Palacios, F.; Barluenga, J.; Gadbranda, S.; Tejerina, B.; Géaael 9972. (f) Davies, J. E.; Davies, R. P.; Dunbar, L.; Raithby, P. R.; Russell,
Fernandez, A.J. Org. Chem1994 59, 1984. M. G.; Snaith, R.; Warren, S.; Wheatley, A. E. Aingew. Chem., Int. Ed.

(41) (a) Bauer, W.; Schleyer, P. V. Rdv. Carbanion Chem1992 1, 89. (b) Engl. 1997, 36, 2334. (g) Hitchcock, P. B.; Lappert, M. F.; Uiterweerd, P.
Gunther, H. In Advanced Applications of NMR to Organometallic G. H.; Wang, Z. X.J. Chem. Soc., Dalton Trank999 3413. (h) Ferfiadez,
Chemistry Gielen, M., Willem, R., Wrackmeyer, B., Eds.; John Wiley: 1.; Alvarez-Gutierez, J. M.; Kocher, N.; Leusser, D.; Stalke, D.; Gdeza
New York, 1996; Chapter 9, pp 24290. J.; Lopez-Ortiz, F.J. Am. Chem. So@002 124, 15184.
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relatively low intensity, whereas the concentration of the two
speciesVa/Vb is rather high. The signal intensities and line
widths ofVa andVb are different. In addition, two new species,

VI andVIl , characterized by 1:1:1:1 quartets)ad4.9 PJewr) | 2
= 4.4 Hz] and 32.7 ppmPeweryy = 7.7 Hz], respectively, are L &
observed (Figure 7a). This multiplicity, together with the new

signals appearing in the olefinic region of th& NMR spectrum

(Figure S5, Supporting Information), suggests taandVII 1

are two new monomeric dearomatized anion stereoisomers of

Il andIV. Considering that in the dearomatizationlothree vir -
new stereogenic centers are formed, the dearomatized anions @
I, 1V, VI, and VIl represent all possible diastereomers that
could be obtained in the reaction. CompouMisand VIl are
relatively unstable, and with time they evolve into the more I
stable isomerdll /IV. It is noteworthy that in the dearomati- v Yo, L 44
zation—electrophilic trapping ofLa small amounts of products -
derived from anions other thdH andIV have been occasion- 25 20 15 10 05 00 -05
ally isolated!” The time and temperature evolution of the sample Figure 8. 2D 7Li,31P{1H} HMQC NMR (194.37 MHz) of the earlier stages
(Figure S4, Supporting Information) shows the same features in the lithiation of1 with s-BuLi at —110°C in THF-dg. The inset represents

: : the correlation detected for the specika/Vb. Experiment started at a
observed in the sample previously measured at lower frequencymetalation time of 2 min. Total mepasuring time: p2 h 40 min.

L 24

I 28

(Figure 4). Thus, at-70 °C only anionsl, Il , and IV are
present in solution. Table 4. 3P (202.46 MHz) and 7Li (194.37 MHz) NMR Data of
. Anions 1-VII M d in THF-dg at —110 °C?
The 7Li NMR study was conducted on a freshly prepared fons easured In e
0.2 M sample. For simplicity, in this case an equimolecular ratio __%2 P Il '” v va Vb vl

of base and substrate was used. In the earliest stages of theg (ji?) 13%);?2, 32.22 (2)10-51 03fé97 1432-322 ;g-lZ 24233;160 0‘3;2-66
de.proto.natlon reaction, a s.lgnlfl.can.t .amqunt of free phos- ZJE’Li D b 45 69 66 4055 50 78
phinamidel (6 28.22 ppm) is still visible in theélP NMR
spectrum (Figure S6, Supporting Information). The NMR ay in ppm, J in Hz. P Mixed aggregate and/or stereoisomeric dimers
spectrum measured &80 °C exhibits up to seven signals: three (see text)° Broad singlet.
doublets, two poorly resolved triplets, and two very broad
singlets. Lowering the temperature €110 °C allowed us to
resolve all multiplets except a broad signal at 1.07 ppm (Figure
7b). The doublets ab —0.13 ppm )@y = 6.9 Hz; —0.04
ppm,2J@ery = 7.8 Hz; 0.012)ewy = 4.5 Hz; and 1.92 ppm,
2J@er) = 6.6 Hz are clearly observed. The multiplets)&.36
and 2.43 ppm were identified, respectively, as a double doublet
[2\](31P7Li) = 4.0,2J(31p7|_i) =5.5Hz]and a trip|e’[{\](3lp7|_i) =50
Hz] from the7Li{3!P, IH} spectrum (Figure 7c).

The connectivity between théi,3'P spin pairs was readily
obtained through théLi,3P{*H} HMQC spectrurf® recorded
at —110 °C (Figure 8)** The assignments made are given in
Table 4. The correlations arising from the dearomatized mono
meric species indicate that the pairs ®P and’Li signals
corresponding to aniord andVI are completely overlapped.
In contrast, those derived frotiy andVII are well separated.
Most importantly, the’lP signal of the benzylic aniow (21.21
ppm) correlates with the lithium doublet @t 0.01 ppm, a
multiplicity consistent with a monomeric structure. Monomeric
lithium benzylic anions adjacent to a nitrogen atom, which are
dipole-stabilized by a carbonyl moiety, have been characterized
both in the solid staf€ and solutiorf® We recently demonstrated
that lithiation of phosphinamidé with s-BulLi in diethyl ether

takes place exclusively at the benzylic position, and the resulting
anion is stabilized by forming dimers containing either (LiC)
or (LiO), four-membered ring& Not unexpectedly, the broad
“Li signal atd 1.07 ppm is the only one that does not show any
31p correlation. Its large signal width implies rapid transverse
relaxation, and thus, the transverse magnetization generated at
the beginning of the pulse sequence is completely lost during
the delays involved in the experiment. It can be assumed that
this lithium signal corresponds to the ortho anidrexhibiting
broad singlets in thé’ NMR spectrum. At—70 °C, the
temperature at which the ortho anion produces a sEH#p
singlet, all lithium signals collapse to an uninformative broad
" singlet. Further work is in progress to elucidate the structure of
diphenylphosphinamides exclusively lithiated at the ortho posi-
tion.33

The correlations o¥a (6 43.16 ppm) with théLi triplet at
0 2.43 ppm and/b (6 44.12 ppm) with théLi double doublet
ato 2.36 ppm are especially interesting. The reaction pathway
for the transformation of into compoundg, 3, and4 (Scheme
1) involves ortho, benzylic, and dearomatized anions that have
already been identified. On the other hand, the presence of mixed
aggregates resulting from coordination of the starting material
1to anyLi™1~ species can be ruled out becauseeNMR

] . i spectrum should show two very distinct signals of equal

(43) Ferriadez, |.; Lgpez-Ortiz, F.Chem. Commur2004 1142.

(44) At this temperature the intensity of the signals corresponding to species  INtensity, which is not the case. Consequently, any other

decreased so much that they are only barely distinguishable above the noisegj i ioni i i
in the resolution-enhancedP NMR spectrum (Figure S6. Supporting €intervening anionic species should precede the deprotonation

Information). Additionally, the signals of the dearomatized anidinsnd reaction; in other words, the phosphorus signéssand Vb
VI are completely overlapped. i i _lithiati

(45) Boche, G- Marseh. M. Harbach, J.: Harms, K.: Ledig, B.: Schubert, F.: can be considered to arise from .two pre I|th'|at|on' complexes
Lohrenz, J. C. W.; Ahlbrecht, HCchem. Ber1993 126, 1887. formed between the phosphinamitiends-BuLi. Taking into

(46) (a) Faibish, N. C.; Park, Y. S.; Lee, S.; BeakJPAmM. Chem. S0d.997, g B
119 11561, (b) Gram, P.: Paleo, M. R~ Sardina, F.1.Am. Chem. Soc.  account that the organolithium base used has a stereogenic
2002 124, 12511. center, the multiplicity of the lithium signals reveals that the
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Chart 1. Structure of Precomplexes Preceding the Deprotonation Chart 2. Chiral Lithium Chelates
Reactions of 1 B
S 4 =/
Ph Ph Ph Ph O 9l PhS,, Sl PhS, _Si
ph Ph P. Me pp Ph P. Me PR (Y H=( ) NG
LYy Li o N “© Li o N w-Li=N w-Li=N Ti OMe
Me., .P. L— Me. .P. L— Ly Ly L Li-0
N 0L NTorL L L L 0 N
A MeTH Ph /kMe/‘"’H . Ph
P Et,, MHP Sy B AHH
A M€E Et A Et' Me 10 1" 12
Va Vb uration will be diastereotopic, and those of the diastereomer
VIlIb bearingunlike sBu groups will be enantiotopic. There-
H, Me Ph H, Me Ph fore, three differentLi signals should be observed, which is
Et’< H /F'I\N/\Ph Et’< H /FLN/\Ph not the case. The preference for the formatioiwafVb versus
Me Li—0 Me Li—0 isomersVlila /VIllb may be assigned to steric interactions. The
N O L Me N O L Me " . X .
Ph— noOH Ph VR WH vicinal substﬂ_uents_ of the four-membered ringua/VVb are in
Ph Me Et Ph Et Me a trans configuration, and the ring may adopt a puckered
Villa Villb conformation that minimizes the through-space interaction

between substituents in relative positions 1 and 3. In contrast,
the bulky phosphorus-containing asd@u moieties ofVilla /
VIIIb are in a cis configuration; thus, steric repulsions would
disfavor this type of dimet?

ComplexVb is an anionic system with diastereotoFi®
{nuclei of two phosphorus(V) Lewis base ligands owing to a
slowly inverting stereogenic carbanion center. The only related

rate of stereochemical inversion at the carbanion center is slow
on the NMR time scalé’ The observation of slow inversion at
the chiral center o&-BuLi is in accord with previous work
showing thas-BuLi exists in cyclopentane solution as a mixture
of diastereomeric dimers, tetramers, and hexamers that inver
slowly at the lithiated carboff The splitting of the’Li signals -
of Va/Vb is consistent with a dimeric structure most probably €X@mples are the chelate organolithium compoubts12
constructed around an (Li@gore in which the carbanionic and reported by Reich et al. in which diastereotopic HMPA groups

phosphorus-bearing substituents occupy opposite faces of thé?a\_’e beep detected by NMR (C_:hart52)0ne mixeds—!Bu_Li/
Li—O—Li—O four-membered ring (Chart #.Thus, the3P lithium N-isopropylO-methyl valinol aggregate consisting of

and’Li nuclei of Va, in which the two slowly invertings-Bu 1 equiv of sBuLi and 2 eq;tg of lithium amide has been
moieties are ofike configuration, are homotopic, and accord- characterized in the solid stateMixed aggregates of-BuLi
ingly, a triplet is observed in th&.i NMR spectrum. On the W'th 3-metho>§ypropylllt_h|um (tetramal@) and L'BUS_MeZS_'Q
other hand, under slow configurational inversion conditions, the _[XL'BUS_' (6)LiBuMe;SiO; (x = 1_4)_] have been_ldentlfled
31p nuclei of dimerVb with two s-Bu moieties ofunlike in solution by NMR spectroscopy. Evidence for the involvement
configuration are diastereotopic, whereas fhe nuclei are ~ ©f Precomplexes in the deprotonation of organic compounds
enantiotopic. Consequently, thei NMR spectrum should ~ PY organolithium bases directed by functional groups bearing
consist of one signal that could exhibit two differéAP7Li lone pairs (CIPE) is also limite®. This is the first time that

couplings. Indeed, this is the case, as demonstrated by the doub@_re-lithiation comple_xes have been structurally_ identified in the
doublet at 2.36 that collapses to a singlet upR decoupling directed deprotonation of a phosphorus-bearing substrate. As

(Figure 7c). Not unexpectedly, tféP NMR spectrum shows the metalation progresses, comple)l@&andVb are consumed.
only a broad®'P signal for each dimer. At the temperature of Analogous to the sample measured in the spectrometer of lower

the measurement, two slowly exchangig signals of very ~ magnetic field, when the temperature is raised00 °C a
similar chemical shift that are additionally split into 1:2:3:4:3: steady state is reached in which the only anionic species

2:1 septets due to coupling to tWbi nuclei would give rise to remaining in solution are, Ill, andIV in a ratio of 1:0.77:

an unresolved broad signal. It is important to point out that the O'Ot | h I Lth i
acquisition of the'Li spectrum under simultaneod¥ decou- The results of the NMR study allow us to unravel the details

pling proved to be crucial to identifying the multiplicity of the ~ ©f the mechanism of the anionic dearomatizatiori.ah the
"Li signal of Vb. Although the difference between the resonance (50) The presence of these types of precomplexes cannot be completely

frequencies of the two nuclei is 0n|y 8 MHz. the experiment discarded. ThéP NMR spectrum shows a few signals that could not be
’ assigned due to their very low intensity.

can be routinely performed by using appropriate selective (s1) Reich, H. J.; Kulicke, K. 3J. Am. Chem. Sod996 118 273.

i is g (52) Williard, P. G.; Sun, CJ. Am. Chem. Sod.997 119, 11693.
fr.eq.uen?y filters. Furthermore, this single d_atum allowed us to (53) Schmitz, R. F.; de Kanter, F. J. J.; Schakel, M.; Scmitz, R. F.; Klumpp, G.
distinguishVa and Vb from the corresponding stereoisomers W. Tetrahedron1994 50, 5933.

)
having a trans arrangement for the pair of carbanionic and ¢4 fgggel, T.; Zune, C.; Teyssi®.; Jeome, R.Macromoleculesi998 31,
phosphinamide substituentélla /VIllb (Chart 1). The’'P and (55) (a) Al-Aseer, M.; Beak, P.; Hay, D.; Kempf, D. J.; Mills, S.; Smith, S. G.
Li nuclei of complexVllla with s-Bu groups oflike config- J. Am. Chem. Sod 983 105 2080. (b) Meyers, A. |.; Funetes, L. M.;

Reiker, W. F.J. Am. Chem. Socl983 105 2082. (c) Meyers, A. |;
Dickman, D. A.J. Am. Chem. S0d987, 109, 1263. (d) Hay, D. R.; Song,

(47) Basu, A.; Thayumanawan, 8ngew. Chem., Int. ER002 41, 716. Z.; Smith, S. G.; Beak, Rl. Am. Chem. S0d.988 110, 8145. (e) Bauer,

(48) Fraenkel, G.; Henrichs, M.; Hewitt, M.; Su, B. NMl.Am. Chem. So4984 W.; Schleyer, P. v. Rl. Am. Chem. S0d989 111, 7191. (f) Resek, J. E.;
106, 254. Beak, P.J. Am. Chem. S0d.994 116, 405. (g) Luitjes, H.; de Kanter, F.

(49) Alternative structures based on dimers-&uLi with a C,Li, core in which J. J.; Schakel, M.; Scmitz, R. F.; Klumpp, G. \WM.Am. Chem. S0d.995
the lithium atom is additionally coordinated to phosphinamidean be 117, 4179. (h) Anderson, D. R.; Faibish, N. C.; Beak,J?> Am. Chem.
reasonably discarded. The similar magnitude of 3R’Li couplings of Soc.1999 121, 7553. (i) Gross, K. M. B.; Beak, Rl. Am. Chem. Soc.
Va/Vb is consistent with the existence of static rather than fluxional 2001, 123 315. (j) Arvidsson, P. |.; Hilmersson, G.; Davidsson, &lv.
aggregates. Therefore, species containing one and two molectlshaidild Chim. Acta2002 85, 3814. (k) Bailey, W. F.; Beak, P.; Kerrick, S. T.;
be present to explain the observéd multiplicity. For such a mixture of Ma, S. H.; Wiberg, K. BJ. Am. Chem. So2002 124, 1889. (I) Krow, G.
aggregates a larger number#? signals than those experimentally observed R.; Herzon, S. B.; Lin, G.; Qiu, F.; Sonnet, P.@&tg. Lett.2002 4, 3151.
would be expected. (m) Gohier, F.; Castanet, A.-S.; Mortier, Qrg. Lett.2003 5, 1919.
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Scheme 4. General Mechanisms of the Anionic Dearomatization of 1
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absence of coordinating cosolvents (Scheme 4). The first stepare thermodynamically disfavored, but they could be generated
is the precomplexation of the base by the phosphinamide, whichunder kinetic control. Once formed, they would be too reactive

leads to the formation of two diastereomeric diméra, and

Vb, in a ratio of 3:1. In these complexes, the proximity of the
carbanion center o&-BuLi to the benzylic protons of the
phosphinamide ligand promotes the deprotonation to give
monomeill . This new anion is relatively unstable and undergoes
intramolecular attack at the ortho position of e&ephenyl ring

to afford all four possible stereoisomers of the dearomatized
speciedll , IV, VI, andVIl in aratio of 1:0.07:0.13:0.25. These

to be detected, leading immediately to the ortho-metalated
specied. The fact that the concentration lofemains practically
constant implies that complex®& andVb do not equilibrate
with Villa and VIllb by virtue of a large energy barrier of
interconversion. Complex-induced proximity effects in benzylic
lithiation directed by amide-type functional groups have been
reported previously>"56 To our knowledge, this is the first
time that the operation of the CIPE model has been demonstrated

anions are in equilibrium, and as the reaction progresses thein the ortho- and benzylic-directed deprotonation of a phosphi-

equilibrium shifts in favor of the thermodynamically more stable
speciedll andlV (in the ratio of 10:0.06). On the other hand,
ortho-lithiated anion$ (presumably dimers) are present in the
reaction right from the first measurements. Although they coexist
with significant amounts of precomplex&a and Vb, their

namide. Unfortunately, all attempts to grow crystals of these
anions suitable for X-ray studies were unsuccessful.
Deprotonation of 1 in the Presence of HMPA.We
performed an analogous NMR study on the sample containing
an excess of HMPA. As expected, the additive accelerates the

concentration is not time dependent. Consequently, complexestransformation ofl into dearomatized species. The fifp

Va andVb do not participate in the ortho-deprotonation reaction.
Considering that the surface containing the-O—Li—O four-
membered ring and the phosphorus atomgatndVb should

be rather flattened, the evolution of these precomplexes

NMR spectrum acquired at90 °C (t; = 2 min) showed only
four signals. The signals corresponding to the two most
deshielded phosphorus atoms were readily assigned to the
dearomatized specig¢l (6 35.04 ppm) andV (6 39.8 ppm)

exclusively toward aniofi indicates that they adopt a preferred  and occurred with a ratio of 1:0.6. The most intense signal results
conformation where the benzylic protons are proximate to the from free HMPA ¢ 25.18 ppm), and a broad one centered at
carbanion center (Chart 1). Apparently this feature suggests thaty 25.7 ppm is assigned to the HMPA coordinated to the lithium

in sharp contrast to carboxamid®sthe ortho lithiation ofl is
a kinetically driven proceds that does not involve a CIPE

cations oflll andlV (Figure 9). The splitting of the phosphorus
signal of each anion into a quartet of intensity 1:1:1:1 again

mechanism. A more reasonable explanation is to assume thaprovides evidence for their monomeric natéféhe increase

the ortho anion$ are formed through the intermediate precom-
plexesVilla andVllib . As already mentioned, these complexes
suffer from unfavorable steric interactions due to the cis
arrangement of the-Bu moiety and the phosphorus-bearing
substituent of the (LiQ)ring. Molecular models show that to
minimize steric effects, the-Bu and N-benzylic fragments
should be kept away from each other (Chart 1). In this
conformation the carbanion center lies very close tdtpdenyl
rings, enabling the deprotonation. Complex#ga andVllib

of the concentration dfV with respect to the sample prepared
in the absence of HMPA allowed its spectroscopic characteriza-
tion. For that purpose, we acquired the same set of NMR spectra

(56) Rein, K.; Goicoechea-Pappas, M.; Anklekar, T. V.; Hart, G. C.; Smith, G.
A.; Gawley, R. EJ. Am. Chem. S0d.989 111, 2211.

(57) In our first report (see ref 10a) we assigned the lowest-field signal to a
solvent-separated ion pair based (SIP) on®#feNMR spectrum (121.44
MHz) of a 0.158 M sample measured in THig-at —90 °C. Under these
conditions theJeer; could not be resolved. Clearly, the lack of multiplicity
is not a consequence of SIP structure but a concentration effect.
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Figure 9. S3P{H} NMR (121.49 MHz) spectrum of the lithiation df L og
with s-BulLi in the presence of HMPA, measuredtat= 2 min and—90
°C. The FID was multiplied by a Gaussian of 1B —6 and GB= 0.08
prior to the Fourier transformation. j 30
Table 5. Selection of NMR Data of IV Measured in THF-dg at —70 ) L3
°C in the Presence of HMPA?

CH 5 d¢ "he Vil 4 {060 L34

3 3.90 81.29 14.7

3a 3.76 52.36 19.3 % 36

4 3.90 95.71 5.6 i @@

5 5.64 129.38 S Lag

6 4.19 92.50 14.7

T T T T T T T T T T

! 5.97 134.47 12.7 04 02 00 -02 04 06 -08

7a 62.43 164.8 )

9 141.36 1145 Figure 10. 2D "Li,3'P{*H} HMQC spectrum(194.37 MHz) of a sample

10 7.99 136.01 71 with a ratios-BuLi:1:HMPA of 1.5:1:1, measured at110°C in THF-dg.

13 145.53 6.6

HMPA ratio of 1.5:1:1 was prepared. Th&P spectrum
26 in ppm, Jin Hz. measured at-110 °C consisted of a mixture of dearomatized
anionslll, IV, and VIl and at least four HMPA complexes
used for the structural assignmentloandlll . The results of absorbing in a narrow region (24-24.6 ppm). Two 1:1:1:1
the analysis of these spectra are given in Table 5. Comparisonqu‘—irtets resulting frorfLi,31P couplings were clearly observed
of the NMR data ofill andIV indicates that both have very i this region. However, broadening effects and partial overlap
similar structures. Significantly, the largest differences cor- impeded the determination of the precise number of species
respond to the magnitudesGbc. Thus, the phosphorugarbon present (Figure S8a, Supporting Information). Fortunately the
coupling of theipso carbon C9 is 20 Hz larger ifil thanin 7 jspectrum did not suffer from these effects. The major signals
IV, whereas the opposite occurs for CA&Jpc(lll —IV) = —21 were readily identified as three tripletd ¢0.51 ppm 2Jpi =
Hz. These findings suggest that compoutidlsand IV may 10.8 Hz;6 —0.13 ppm2Jpy; = 7.6 Hz; 0 —0.02 ppm 2Jpy; =
differ in the relative configuration of the phosphorus atom. This g g Hz) and one quartet (—0.43 ppm,2Jp.i = 9.4 Hz). The
is a reasonable suspicion considering that theRvpdhenyl rings assignment of the multiplicity was assisted by the{31P 1H}
of the benzylic aniorll are diastereotopic, and therefore, the spectrum (Figure S8b,c, Supporting Information). Thig31P-
anionic cyclization by attack at th@o-R or pro-Sphenyl ring {H} HMQC spectrum showed that each one of the two lowest-
would provide two dearomatized species epimeric at the fie|d lithjum triplets ( —0.13 and—0.02 ppm) correlates with
phosphorus center. a pair of phosphorus nuclei corresponding to one HMPA
This hypothesis was supported by the 2D ROESY spectrum molecule and one dearomatized anion; that is, the coordination
measured at-70 °C (Figure S7, Supporting Information). In  sphere of lithium in the dearomatized anions is completed
both compounds a correlation is observed between H3a and thehrough binding to one HMPA molecule (Figure 10). The
ortho protons of the phenyl ring adjacent to the nitrogen, remainingLi triplet (6 —0.51 ppm) and quarted (—0.43 ppm)
indicative of their syn arrangement. Unfortunately the correla- correlate exclusively with HMPA signals, indicating that these
tions involving theP-phenyl rings could not be unraveled due muiltiplets originate from the respective coordination of two and
to signal overlaps. If the relative configuration of C3 and C3a three molecules of the phosphorus ligand to the lithium cation.
is the same in both compounds, the difference must arise fromCuriously, the¥lP signals of these complexes appear completely
the configuration of the phosphorus atom. However, the problem overlapped.
of assigning the corred®-configuration oflll andIlV remains The unequivocal assignment of the structufesandlV was
unresolved. The ROESY spectrum also confirmed the coordina- achieved in two ways. We reasoned that if the concentration of
tion of HMPA molecules to the lithium through the correlations |V in the sample prepared in the absence of cosolvent increased
of the methyl protons with H3, H5, H7, and aromatic protons. with increasing temperature, a similar effect could occur when
Additionally, the lower intensity of the correlation with H5  HMPA is present. The temperature dependence of the relative
relative to that of H7 supports thg coordination of the lithium ratio of Il :IV could be anticipated based on the known

to the dearomatized ring proposed above. reversibility of the anionic cyclization step and the possibility
Additional evidence of HMPA coordination to the dearoma- of obtaining products of kinetic or thermodynamic confrol.
tized complexes was obtained throuf, 3P shift correlation Indeed, the ratidll :IV practically equalizes when the temper-
spectroscopy. To avoid the presence of the intense signalature of the sample is raised from90 to —10 °C, and this
produced by the excess HMPA, a sample withssBulLi: 1: product distribution remains unaltered when the temperature is
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Scheme 5 @
(HMPA),
O\\ ,—Ph 0.2) .|ph 6,6’ P<Ph
Ph’/P_ —_— N Me + 3 ‘N-Me
Me A
Ph 4 z
Hy 4 HH Ph
4 13

a(1) s-BuLi (2.5 equiv), HMPA (6 equiv), THF;-90 °C, 30 min. (2) 60 min~30 °C. (3) 2,6-Ditert-butyl-4-methylphenol;-90 °C, 30 min. (4) HO.

decreased again. Interestingly, at temperatures close°® 0

Il is a monomer of relatively short half-life<©0 min) evolving

the anions revert quantitatively to the starting phosphinamide through intramolecular attack of the carbanion center at each

1, most probably by deprotonation of the solvent. A similar

concentration variation is observed when the sample without monomeric dearomatized aniofi§, IV, VI,

additives is heated from80 to—10 °C. The final ratiolll :IV
obtained is 55:45 (Figure S9, Supporting Information). These
results indicate thatl is the precursor of the kinetic product
4 (E = H, Scheme 4), andV is the precursor of the
thermodynamic produdt3 (Scheme 5). On this basis, it can be
safely affirmed that the configuration of the phosphorus atom
of lll must be the same as thatdnConsequently, thE-phenyl
ring of IV is arranged anti to H3a and the phenyl substituent
linked to C3.

The equilibration betweeltl andlV suggested the possibility
of isolating both diastereoisomers. With this aim in mind, we
performed the dearomatization dfin the usual way (addition
of 2.5 equiv ofs-BuLi in THF at —90 °C in the presence of 6
equiv of HMPA for 30 min), and the reaction mixture was then
stirred fa 1 h at —30 °C to establish the thermodynamic
equilibrium prior to quenching with 2,6-dert-butyl-4-meth-
ylphenol® at —90 °C (Scheme 5). Under these conditions,
compoundg} and 13 were obtained in a ratio of 55:45 in 88%
yield (Table S2, Supporting Information). The separation of both

isomers by flash column chromatography allowed the spectro-

scopic characterization Gf3 (see Supporting Information). One-
dimensional gNOESY experiments confirmed the structural

of the diastereotopid>-phenyl rings. As a result, the four
and VIl (initial
ratio of 1:0.07:0.13:0.25) are obtained. These four anionic
species are in equilibrium (i.e., the anionic cyclization is a
reversible process). On the other hand, a significant amount of
ortho deprotonation leading tb takes place in the initial
moments of the reaction. The ortho aniois assumed to be a
dimer of undefined structure arising from two highly reactive
precomplexe¥Illa andVlllb (CIPE mechanism), isomers of
Va andVb, that could not be detected. They do not equilibrate
with Va andVb under the conditions used. Once formet]a

and VIllb immediately progress to the ortho anignwhose
concentration remains constant from that instant. When the
reaction reaches a steady state, only anignl , andIV are
observed in solution (relative ratio of 1.2:1:0.1). The dearoma-
tized aniondll andlV represent the precursors of the products
of kinetic and thermodynamic control, respectively. The depro-
tonation ofl in the presence of HMPA directly gives a mixture
of Il andIV in a ratio of 1:0.6. In this case the lithium atom
is coordinated to one molecule of HMPA. Thus, the cosolvent
catalyzes the translocation of the ortho anibis the benzylic
speciedl as well as the dearomatizing cyclization reaction. One-
dimensional’Li{3PH} and 2D 7Li,3"P{*H} HMQC NMR
experiments proved to be excellent tools for the structural

assignment previously made: the selective excitation of the assignment of lithiated organophosphorus compounds containing

ortho protons of thé-phenyl ring (H°) and of H3a produced
NOEs on H3 and the ortho protons of the phenyl ringd)(H
linked to C3, respectively (Figure S10, Supporting Information).

Conclusions

A detailed picture of the lithiation oN-methylN-benzyl-
diphenylphosphinamidesl) with s-BuLi in THF has been
obtained by deuterium labeling and multinuclear magnetic

a P=0 group. The fact that aniolY predominates at temper-
atures above-30°C is synthetically meaningful because it gives
access to a new family of dearomatized compounds with a
different configuration at the phosphorus center with respect to
those usually isolated in the anionic dearomatiziatgctrophilic
alkylation reactions of phosphinamides.
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NMR spectrum at; = 2 min of lithiation at—90°C in THF-dg
with and without resolution enhancement (LB 2). 2D
gROESY spectrum of the lithiation dof in the presence of
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HMPA. 31P{1H}, 7Li{1H}, and"Li{3"PH } NMR spectra of excitation of13. Product distribution in the dearomatizatien
the lithiation of 1 at —110 °C in the presence of HMPA.  protonation reaction ofl. This material is available free of
Temperature effect on the olefinic region of the and H- charge via the Internet at http:/pubs.acs.org.

{3'P} NMR spectra of the mixturg, 1ll, andlV in the absence

of HMPA. 1D gNOESY rows corresponding to the selective JA039863T
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