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The preparation of a large series of new N-silyl-P-alkylphosphoranimines and their (silylamino)phosphine precursors
is reported. Oxidative bromination of the P-functional (silylamino)phosphines, (MesSi),NP(R)X [R = n-Pr, n-Bu,
i-Pr, t-Bu; X = Br, OR" (R" = CH,CF; Ph)], occurred smoothly at 0 °C and afforded the desired
P-bromophosphoranimines, Me;SIN=P(R)(X)Br. Nucleophilic substitution reactions of the P-dibromo members of
this series with LIOR' gave the corresponding P-trifluoroethoxy- and P-phenoxyphosphoranimines, Me;SiN=P(R)-
(OR"), (R" = CH,CF3, Ph). All of these N-silylphosphoranimines, which are potential precursors to new cyclic
and/or polymeric phosphazenes, were obtained as thermally stable, distillable liquids and were characterized by
NMR (*H, 13C, and 3'P) spectroscopy and elemental analysis.

Introduction synthesis of poly(alkyl/arylphosphazenes) in which all of the

side groups are attached directly by carbphosphorus
Depending on the substituents attached to phosphorusblondg 1P ! y by phosphoru

along the P-N backbone, poly(phosphazenes) PRN],,
can have a very wide range of physical and chemical R A R
properties as well as potential applicatidrighe structural MesSI—N=P=X e ‘EN:,%; M
and chemical diversity of poly(phosphazenes) is made R :
possible by the two general and complementary methods R, R'=alkyl, aryl; X = Cl, Br, OCH,CF3, OPh
employed for their synthesis. The very well-studied ring-

open|ng£§ubst|tut|or? approach, developed by Allcock and €o- o ghhorus are introduced prior to polymerization beginning
workers] is best suited to the preparation of phosphazenes, i, the synthesis of suitable [bis(trimethylsilyl)amino]-
bearing alkoxy, aryloxy, or amino substituents. In contrast, phosphines, (MsSi),NPRR, via the Wilburn method (eqs
the condensation polymeri_ze_ltion rdf_silylphosphora_nimines 2—4)6 Subsequent oxidative halogenation (e.g., with @r
(eq 1), developed by Wisian-Neilson and NeiSamd - i followed by nucleophilic substitution at phosphorus
recently extended by othet§,is commonly used for the (e.g., with LIOCHCF; or LiOPh) affords the typical phos-

To wh . ol be add 4 2t TCU. Emai phazene precursors such as;BiBl=P(X)Me, and MeSiN=
*To om correspondence (o] e aadressed a . E-mall:
R.Neilsovr\:@tcu.edu.Sp ot > l P(X)(Ph)Me (X= OCH,CF, OPh)?
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In the condensation method (eq 1), the substituents on
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The Wilburn method has been used to prepare a wide
variety of symmetrical dialkyl4), unsymmetrical alkylphen-
yl (B), or unsymmetrical dialkyl®) derivatives® The mono-
substituted chlorophosphine§)(can be isolated only with
relatively bulky groups on phosphorus (e.g.7Rn-Pr, Ph,
t-Bu, CH:SiMes3).>1%In addition to their use as intermediates
in the synthesis of dialkylphosphined)( these chlorophos-
phines C) have a rich derivative chemistry, some of which
forms the basis for the present study.

(1) PCl3 , R
. (Me3Si))N— P\ 2)
(Me3Si);NH (2) 2 RMgBr A R
n-BuLi
- (1) PhPCly , fh
(Me3Si))NLi  —— (MB3SI)2N—P\ 3)
(2) RMgBr R
B
(1) PCl;
(2) RMgBr
R Rves R
(Me3Si)N—F —5 (Me3SipN—F @
cl R
c D

Specifically, we report here on the synthesis and charac-
terization of several new “mixed substituent” (disilylamino)-
phosphines, (M&Si),NP(R)X, and their conversion to a large
series of similarly functionalizedll-silylphosphoranimines,
MesSIN=P(R)XY, (X, Y Cl, Br, OCHCF;, OPh).

Condensation reactions of the latter compounds to afford new

cyclic and polymeric phosphazedgswill be reported
separately.

Results and Discussion

(Silylamino)phosphines.Some of the new compounds

described herein were prepared from the monochlorophos-

phines, (MgSi),NP(R)CI (., R=n-Pr;2, R=n-Bu; 3, R

= i-Pr; and4, R = t-Bu),!>'? obtained via the Wilburn
method (variatiorC). In this study, we also investigated the
extension of this method for the preparation of some
analogous bromophosphines (eq 5) by usingsRBiplace

of PCk.

(1) PBr3 R
(Me3Si),NLi (Me3Si),N—P 5
(2) RMgCl Br
5. R=n-Pr
6. R=n-Bu
7: R=i-Pr
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The bromophosphinés—7 were obtained as air-sensitive,
distillable liquids that were characterized by NM®RI(*3C,
and 3'P) spectroscopy. They did not, however, provide
satisfactory elemental analyses because of the presence of
small amounts of the dialkylphosphines, (88.NPR,, and/
or hydrolysis products. In the case of thgropyl deriva-
tive 5, as with its P-Cl analoguel, a 10-20% impurity of
(MesSi)NP(n-Pr), could not be removed by fractional
distillation. Nevertheless, all of thegehalophosphines—7
were useful for further derivative chemistry. Most impor-
tantly, all of the resultindN-silylphosphoranimines (see later),
intended as phosphazene precursors, were obtained in an
analytically pure form after a single redistillation.

The nucleophilic displacement of chlorine (Ir-3) or
bromine (in5—7) occurred readily when these halophos-
phines were treated with either lithium trifluoroethoxide or
lithium phenoxide (eq 6). The mixed substituent (silylamino)-
phosphines8—10 and 12—14 were obtained in good yields
(ca. 76-80%), from either the PCI or P—Br precursors,
and were fully characterized by NMR spectroscopy and
elemental analyses.

LiOR'
- LiBr

(Me38i),N—F, (Me3Si)N—F, ©
OR'

R =n-Pr, X=Cl(1), Br (5) 8: R=n-Pr, R'=CH)CF3

R =n-Bu, X =Cl(2), Br (6) 9: R=n-Bu, R'= CHyCF3

R =i-Pr, X=CI(3), Br(7) 10: R=i-Pr, R' = CH,CF3

12: R=n-Pr, R'=Ph

13: R=n-Bu, R'=Ph

14: R=i-Pr, R' =Ph

With the n-alkyl derivatives 8, 9, 12, and 13), these
reactions proceeded smoothly in,@tsolution. In the case
of the more sterically crowdedpropyl compound4.0 and
14, however, THF was found to be the best solvent. Several
attempts were made to prepare theutyl analogue, (Mg
Si);N(t-Bu)OCHCF; (11), from the corresponding -FCl
precurso without success. In either £ or THF solution
(even at reflux), almost no reaction occurred, presumably
because of steric hindrance by thiBu group on phosphorus.
Similar difficulties with other nucleophilic substitution
reactions involvingt have been observé8iAt best, we were
able to isolate only small amounts dfl mixed with
unidentified and inseparable impurities. Reversing the order
of addition of nucleophiles in the Wilburn synthesis (i.e.,
treating the intermediate dichlorophosphine {BigNPCh,
with 1 equi of LIOCHCF; followed byt-BuMgCl) was also
investigated without success. Therefdrgéwas characterized
only by NMR spectroscopy, and no attempts were made to
prepare thd>-phenoxy analogue.

The NMR spectral data obtained for the new (silylamino)-
phosphines are all consistent with the proposed structures.
The3P NMR chemical shifts (Table 1) are characteristically
downfield (>150 ppm) for the deshielded phosphorus(lll)
center bearing an electronegative ® (X = ClI, Br, OCH.-

(11) Klaehn, J. R. Ph.D. Dissertation, Texas Christian University, 1999.
(12) Karthikeyan, S.; Neilson, R. Hnorg. Chem.1999 38, 2079.
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Table 1. 3P NMR Chemical Shifts (ppm) of Mixed Substituent
(Silylamino)Phosphines

Me3Si, R
P\
MesSi X
R X=cl X =Br X = ORg2 X =OPh
n-Pr 159.8 168.4 166.0 154.0
n-Bu 160.0 169.3 166.4 154.3
i-Pr 163.7 171.6 172.0 172.0
t-Bu 164.8 17258 175.7 c

aORs = OCH,CFs. ® Compound not isolated from impuritiesUnknown
compound.

Table 2. 3P NMR Chemical Shifts (ppm) of Mixed Substituent
N-Silylphosphoranimines
R
Me3SiN=I:’—X
Y

X=Cl X=Br X=Br X=0Ph X=0R? X=0Ph X=O0R?2

R Y=Cl Y=Cl Y=Br Y=Br Y=Br Y=O0PhY=0R?
n-Pr 28 -—18.0 -405 -0.4 4.4 9.9 21.0
n-Bu [ —7.2 —-395 0.1 5.0 10.5 21.5
i-Pr 14.3 —-1.1 -—-18.7 11.4 15.9 13.0 24.5
t-Bu 19.7 8.7 -58 c 22.0 c c

aOR; = OCH,CFs. P Published dat&* ©Unknown compound.

CFs, OPh) group. For a given substituent (X), i@ NMR
signal shifts steadily downfield (by ca. 6 ppm) as the steric
bulk of the alkyl group increases frompropyl toi-propyl

to t-butyl. The H and 3C NMR spectra contained the
expected peak multiplicities and intensities. For example,
with the exception of the terminal GHyroup in then-Bu
derivatives6, 9, and 13, all of the alkyl carbon signals
appeared as doublets in tH€ NMR spectra because of spin-
coupling to phosphorus. The methyl groups within ithpeo-

pyl substituents of compound¥ 10, and 14 are diaste-

the trichlorophosphoranimine, N&N=PCk, from the dichlo-
rophosphine, (M&i),NPCh. It is likely that the same
oxidative chlorination procedure will be used to advantage
in our future studies with chlorophosphines suchlagl.

We then studied the direct bromination of the ® phos-
phines (—4). As expected, these reactions (eq 7) occurred
rapidly at 0°C, but in all cases, inseparable mixtures of bro-
mochloro- (6—19) and dibromophosphoranimine-23)
were obtained. Typically, after removal of solvent and the
halosilane byproducts, M8iX (X = Cl, Br), the remaining
liquid was found to be about a 3:1 mixture, with the dibro-
mophosphoranimine being the major product. ¥ifeNMR
signals (Table 2) of the dibromo derivative8—23 are gen-
erally shifted upfield by ca. 20 ppm compared to the ana-
logous mixed halo derivatives6—19. The reasons for the
predominance of the dibromophosphoranimines in the prod-
uct mixtures are uncertain. Clearly, however, halogen ex-
change at phosphorus is occurring during the reaction. The
equilibrium product distribution may simply reflect the
greater volatility and ease of removal of M&CI versus Me
SiBr.

R R

Bry |
Me3SiN=P—Br

RO N=P— 7
(Me3Si)H)N I’\ T}Si&" Me3SiN Il’ Br + @]
Cl Cl Br
1: R=n-Pr 16: R=n-Pr 20: R=n-Pr
2: R=n-Bu 17: R=n-Bu 21: R=n-Bu
3: R=i-Pr 18: R=i-Pr 22: R=i-Pr
4: R=tBu 19: R=¢Bu 23: R=tBu

On the other hand, direct bromination (eq 8) of theB?
phosphine$—7 readily afforded the pure dibromophospho-
ranimines 20—23 in high yield. These products were
extremely moisture sensitive, but they were thermally stable
to distillation at moderate temperatures (ca.°&) under
vacuum. They were fully characterized by NMRH( *°C,

reotopic because of the asymmetric arrangement at phOS-and31p) spectroscopy and, f@l and22, elemental analysis.

phorus. Accordingly, the methyl groups give rise to two
doublets (P-C coupling) in the*C NMR spectra and two
sets of doubled doublets {4 and H-H coupling) in the
IH NMR spectra.

N-Silylphosphoranimines.To prepare useful precursors
to phosphazenes, it is necessary to oxidize the (silylamino)-
phosphines to the phosphorus(V) state. This is normally
accomplished by reactions with either bromine or hexachlo-
roethane which routinely afford high yields of tRebromo-
or P-chloroN-silylphosphoranimineérespectively. Initially,
we attempted to prepare the dichlorophosphoraniming Me
SiN=P(-Pr)Ck (15) by treating the chlorophosphine, (Me
Si),NP(-Pr)CI (1), with C,Cle. This reaction, however, was
much slower than that of the dialkylphosphines, §Me
Si),NPR,, with C,Cls, probably because of the electron with-
drawing effect of the P-Cl group, and it failed to go to com-

The failure of then-propyl compound0 to give a satisfac-
tory elemental analysis is due the presence of small amounts
(ca. 10%) of the dialkylphosphine in the starting material
rather than any problem with the bromination reaction itself.

R

/R Bl‘2 |
(Me3Si)yN—P  ——=—>  Me3SiN=P—Br ®)

\ - Me3SiBr |

Br Br

5: R=n-Pr 20: R=n-Pr
6: R=n-Bu 21: R=n-Bu
7: R=i-Pr 22: R=i-Pr

The NMR spectra of these dibromophosphoranimines were
easily assigned on the basis of the proposed structures. In
addition to the integrated peak intensities in e NMR
spectra and the dramatic upfield shifts in th® NMR

pletion even at elevated temperatures. Although the desiredspectra, a very clear indication of oxidation at phosphorus

product could be identified by NMR spectroscopy (Table
2), it was impossible to separate it from unreacted hexachlo-

is the observation of the characteristically large one-bond
(Jpc ~ 100 Hz) P-C coupling constants in thEC NMR

roethane. Thus, it was concluded that this was not a feasible

synthetic route to compounds suchl&sVery recently, how-
ever, Manners et & have used STl to cleanly prepare

(13) Wang, B.; Rivard, E.; Manners, Inorg. Chem.2002 41, 1690.
(14) Gololobov, Y. G.; GusaaN. |.; Randina, L. V.Zh. Obshch. Khim.
1982 52, 1260.
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spectrd. In contrast to the starting phosphirgthei-propyl

Me groups in the phosphoranimir#2 are magnetically

Klaehn and Neilson

phazeneprecursors were obtained in high yields as thermally
stable, distillable liquids that were readily characterized by

equivalent because of the loss of the asymmetric arrangemenmultinuclear NMR spectroscopy and elemental analysis.

at phosphorus. They appear as a doubled doublgt €

7.0 Hz,Jpy = 30.8 Hz) and a simple doubleipc = 4.5 Hz)

in the IH and**C NMR spectra, respectively.
Bromination of theP-trifluoroethoxy- 8—11) and the

P-phenoxyphosphined 2—14) also occurred smoothly at 0
°C (eq 9). The desiretN-silyl-P-bromophosphoranimines,

that is, theP-trifluoroethoxy @4—27) and theP-phenoxy

derivatives 28—30), were obtained in high yields as color-

Their 3P NMR chemical shifts are summarized in Table 2.

Experimental Section

Materials and General Procedures.The following reagents
were obtained from commercial sources and used without further
purification: (M&Si),NH, PBr;, PCk, n-PrMgCl (2.0 M in ether),
n-BuMgCl (2.0 M in ether)j-PrMgCl (2.0 M in ether){-BuMgClI
(2.0 in ether)n-BuLi (2.5 in hexane), B, CRCH,OH, and PhOH.
Solvents such as diethyl ether, benzene, and hexane were freshly

I?SS_’ moisture-sensitive, .bUt thermally stable, distillable gjstijed under nitrogen from Catbefore use. Tetrahydrofuran
liquids. They all gave satisfactory elemental analyses and (THF) was freshly distilled from Na/benzophenone. Protsa;
NMR spectra in full accord with the proposed structures. {1H}, and3P{’H} NMR spectra were recorded on a Varian XL-
Notably, the’ P NMR signals (Table 2) are shifted downfield 300 spectrometer. Proton aftC{!H} NMR spectra of selected
by 30-40 ppm relative to the corresponding dibromo compounds were recorded on a Varian INOVA-400 spectrometer.
analogues described previously. Such shifts are consistenhemical shifts ¢) are reported in ppm relative to M# (*H and

with the presence of an electron withdrawing '‘GRbstituent

13C NMR) or HsPOy (3P NMR), and coupling constantd yalues)

on phosphorus. As with their phosphine precursors and theare in hertz. Elemental analysis was performed by E&R Microana-

analogous dibromophosphoranimines, there is again a steadyl)’t
downfield trend in thé'P NMR chemical shifts as the steric
bulk of the alkyl substituent increases. The asymmetric

structural arrangement at phosphorug#-30 is reflected
in the observation of nonequivalent-®e groups in the
i-propy! derivative26 and 30. For example, compoung0
exhibits two clear sets of doubled doublets in theNMR

ical Laboratory, Inc., Parsippany, NJ.

Preparation of P-Bromo(silylamino)phosphines, (MgSi),NP-
(Br)R. 5: R=n-Pr. In a typical preparation, a 500 mL three-neck
flask, equipped with a Ninlet, a 125 mL addition funnel, a
magnetic stir bar, and a rubber septum, was charged with-(Me
Si),NH (20.9 mL, 0.10 mol) and ether (100 mL). The solution was
cooled to 0°C, andn-BuLi (40 mL, 2.5 M in hexane, 0.10 mol)
was added to the addition funnel via syringe. THBuULi was then

slowly added to the cooled solution, and the addition funnel was
washed with ether (30 mL). The ice bath was removed, and the
mixture was allowed to warm to room temperature and was stirred

spectrum, centered at1.28 Quy = 6.9, Jpy = 2.2) ando
1.36 OHH == 7-0,\]PH == 30)

R Br I|< ) for 1 h. The mixture was then cooled to78 °C, and PBj (9.4
(Me38i);N—F M—;B> Me3SiN=P—Br mL, 0.100 mole) was added via syringe to the addition funnel and
orR Ve OR' then slowly added to the cooled reaction mixture. Dry ether (30
8: R=n-Pr, R'=CH,CF3 24: R=n-Pr, R'= CH,CF3 mL) was again used to wash the addition funnel. The cold bath
9: R=7-Bu, R = CH,CF3 25: R=n-Bu, R = CHyCF3 was removed, and the mixture was allowed to warm to room
' o o temperature while stirring for 1.5 h. The mixture was then cooled
10: R=i-Pr, R* = CHyCF3 26: R=i-Pr, R' = CHyCF3 to 0 °C, andn-PrMgCl (50 mL, 2.0 M in ether, 0.10 mol) was
11: R=+Bu, R'=CHCF3 27: R=1r-Bu, R'=CH;CF3 added slowly via the addition funnel. The mixture was allowed to
12: R=n»-Pr, R'=Ph 28: R=n-Pr, R'=Ph warm to room temperature and then stirred overnight. Most of the
13: R=n-Bu, R'=Ph 29: R=n-Bu, R'=Ph ether was removed undgr reduc_ed pressure, leaving a thick slurry
that was washed three times with hexane (200 mL total) to help
14: R=i-Pr, R =Ph 30: R=i-Pr, R' =Ph

precipitate the salts. The supernatant was decanted injgpanyed

. . ) . flask, and the solvent was removed under reduced pressure, leaving
In addition to their potential as precursors to new cyclic p gily residue. Fractional distillation through a 10-cm column gave

and/or linear phosphazenes of general formula [R(Br)- 5 as a colorless liquid. Yield: 85%. Bp: 8®3 °C (0.8 mmHg).
P=N],,!* the N-silyl-P,P-dibromophosphoraniminex0—22 IH NMR: 6 0.56 (s, M@Si), 1.28 (t, CHCHa, Jun = 7.3), 1.68-
were found to be useful for further derivative chemistry. 1.82 (m,CH,CHs), 2.48-2.60 (m, FCH,). 3C NMR: ¢ 4.0 (d,
Specifically, treatment with 2 equiv of either lithium phe- MesSi, Joc = 8.7), 15.2 (d, CHCHs, Jpc = 14.5), 18.6 (d.CH,-
noxide or lithium trifluoroethoxide (eq 10) easily converted CHs, Jec = 25.7), 41.5 (d, BH,, Jpc = 43.9).3'P NMR: 6 168.4.

them to the disubstituted derivativ@s—36. These new phos- A satisfactory elemental analysis was not obtained because of the
presence of small amounts of therdifropyl)phosphine.

6: R = n-Bu. The same procedure, usingBuMgCl, gave6 as

MC3SiN=E_Br 2LiQR' Me3SiN=11E—OR' (10) a colorless quuiq. Yield: 71%. Bp: 8% (0.3 mmHg).tH NMR:
L -2LiBr o 0 0.55 (s, M@Si), 1.16 (t, CHCHa, Jyy = 6.9), 1.64-1.74 (m,
CH,CHa), 1.64-1.74 (m,CH,CH,CHj), 2.49-2.60 (M, CH,). 1°C
20: R=n-Pr 31: R=n-Pr, R'=Ph NMR: & 4.0 (d, MeSi, Joc = 8.7), 13.8 (s, CHCHy), 27.2 (d,
21: R=n-Bu 32: R=n»-Bu, R'=Ph CH,CHs, Jpoc = 24.4), 23.6 (dCH,CH,CHjz, Jpc = 14.3), 39.0 (d,
22: R=i-Pr 33: R=i-Pr, R' =Ph PCH,, Jpc = 43.8).3'P NMR: § 169.3. A satisfactory elemental

analysis was not obtained because of the presence of small amounts
of unidentified impurities, possibly resulting from hydrolysis.

7: R =i-Pr. The same procedure, usingPrMgCl, gave7 as a
colorless liquid. Yield: 82%. Bp: 85C (0.9 mmHg).*H NMR:

34: R=n-Pr, R'=CH)CF3
35: R=n-Bu, R'=CH)CF3
36: R=i-Pr, R" =CHCF3

5862 Inorganic Chemistry, Vol. 41, No. 22, 2002
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0 0.32 (s, MgSi), 1.04 (dd, CKCHs, Jyy = 7.3,Jpy = 16.2), 1.11 (d, PC, Jpc = 25.8), 66.0-67.9 (m, GCH,), CF3 (not observed).
(dd, CHCHg, Jyny = 7.0, Jpn = 20.7), 2.71 (ds, €H, Juy = 7.2, 31P NMR: 6 175.7.
Jpr=1.3).33C NMR: 6 4.0 (d, M&Si, Joc = 7.4), 17.8 (d, CI€H, Preparation of P-Phenoxy(silylamino)phosphines (M8i),NP-

Jpc = 22.6), 18.0 (d,CHCHs, Jpc = 33.4), 34.3 (d, BH, Jpc = (OPh)R. The same apparatus and procedure as described for the

40.7).3P NMR: 6 171.6. A satisfactory elemental analysis was preparation o6 were employed except that phenol (2.3 g, 0.025
not obtained because of the presence of small amounts of unidenti-mole) was used instead of gEFH,OH. Compound<s.2—14 were

fied impurities, possibly resulting from hydrolysis. obtained as colorless liquids with the following characterization
Preparation of P-Trifluoroethoxy(silylamino)phosphines, data.
(Me3Si),NP(OCH,CF3)R. 8: R = n-Pr. In a typical preparation, 12: R=n-Pr. Yield: 78%. Bp: 96-115°C (0.8 mmHg).*H

a 100 mL three-neck flask, equipped with a Mlet, a 25 mL NMR: 6 0.31 (d, MgSi, Jpry = 1.4), 1.32 (t, CHCHa, Jun = 7.2),
addition funnel, a rubber septum, and a magnetic stir bar, was 1.55-1.67 (m, CH.CHs), 1.75-2.16 (m, €H,), 7.03-7.36 (m,
charged with CECH,OH (1.8 mL, 0.025 mol) and ether (60 mL).  OPh). **C NMR: 6 4.4 (d, M&Si, Jpc = 7.4), 15.8 (d, CHCH,
The solution was cooled to T, andn-BuLi (2.5M in hexane, 10 Jpc = 14.4), 17.6 (dCH,CHs, Jpoc = 22.4), 39.0 (d, BHy, Jpc =
mL, 0.025 mol) was added slowly from the addition funnel. The 20.9), 119.4 (do-Ph, Jpc = 10.3), 122.0 (s, Ph), 129.3 (s, Ph),
mixture was warmed to room temperature and stirred for 1 h. A 157.2 (d,ipso-Ph,Jec = 7.8).3'P NMR: ¢ 154.0. Anal. Calcd for
separate 250 mL three-neck flask, equipped as described, wasCisHaoNOPSp: C, 55.00; H, 9.23. Found: C, 54.74; H, 9.46.
charged with thé>-bromophosphiné (0.025 mol) and ether (100 13: R=n-Bu. Yield: 70%. Bp: 106-120°C (0.9 mmHg)H
mL). This solution was cooled to<C, and the LIOCHCF; solution NMR: 6 0.26 (d, MgSi, Jpry = 1.2), 0.96 (t, CHCHa, Jun = 7.3),
was slowly transferred to the stirred solutionsghrough a cannula~ 1.34-2.53 (m, CHCH;, CHCH,CHg), 1.68-2.12 (m, CHy),
via N, pressure. After the mixture was warmed to room temperature 7.00-7.27 (m, @Ph). 3C NMR: ¢ 4.4 (d, MeSi, Jec = 7.6), 14.3
and stirred overnight, most of the ether was removed under reduced(S, CHCHz), 24.1 (d,CH,CHg, Jpc = 13.9), 26.2 (dCHCHCHs,
pressure leaving a thick slurry. The slurry was washed three timesJrc = 21.5), 36.4 (d, BHz, Jpc = 20.6), 119.5 (do-Ph, Jpc =
with hexane (100 mL) to help precipitate the salts. The supernatant10.1), 122.0 (s, Ph), 129.4 (s, Ph), 157.2§sp-Ph).3'P NMR: 4
was decanted into appurged flask, and the solvent was removed 154.3. Anal. Calcd for @H3:NOPSp: C, 56.26; H, 9.44. Found:

under reduced pressure, leaving an oily residue. Fractional distil- C, 56.47; H, 9.43.

lation through a 10-cm column ga®eas a colorless liquid. Yield:
71%. Bp: 85°C (0.3 mmHg).*H NMR: 4 0.24 (s, MgSi), 1.02
(t, CH,CHg, Jun = 72), 1.37#1.54 (m,CHch3), 1.55-1.96 (m,

PCHz), 3.96 (q, QCH,, Juy = Jpy = 88) 13C NMR: 6 4.0 (d,

MesSi, Jpc = 8.7), 15.2 (d, CHCHgs, Jpc = 14.5), 18.6 (d,CH;-

CH3, Jp(:: 257), 36.2 (d, BHz, JpC: 195), 66.0 (dq, OHz, Jpc

= 24.0,Jrc = 35.3), 124.1 (dqCF3, Jpc = 11.4,Jrc = 278.4) 3P

NMR: ¢ 166.0. Anal. Calcd for GH,7/FsNOPS}: C, 39.62; H,
8.16. Found: C, 39.69; H, 8.15.

9: R = n-Bu. The same procedure usifigbromophosphin&
gave compound as a colorless liquid. Yield: 71%. Bp: #J5
°C (0.8 mmHg).!H NMR: ¢ 0.24 (d, MeSi, Jpy = 1.1), 0.92 (t,
CH,CHs, Jyn = 6.9), 1.34-1.46 (m,CH,CHj), 1.34-1.46 (Mm,CH,-
CH,CHg), 1.55-1.97 (m, RZH,), 3.96 (g, CCHy, Jun = Jpn = 8.7).
13C NMR: 0 4.2 (d, MeSi, Jpc = 7.5), 13.8 (s, CHCH), 24.0 (d,
CH20H3, Jpc = 13.9), 26.0 (dCHzCHzCHQ,, Jpc = 20.7), 36.2 (d,
PCH,, Jpc= 195), 66.0 (dq, QH,, Jpc=24.0,Jc = 353), 124.1
(dg, CF3, Jpc= 11.4,Jrc = 278.4) 3'P NMR: 6 166.4. Anal. Calcd

for CioH29FsNOPSh: C, 41.48; H, 8.41. Found: C, 41.71; H, 8.26.

The same procedure usifgbromophosphing and THF as the
solvent instead of ether gave compouti@las a colorless liquid.
10: R = i-Pr. Yield: 82%. Bp: 55-70 °C (1.3 mmHg).'H
NMR: 6 0.25 (s, MgSi), 0.97 (dd, CKCH3, Juy = 7.3,Jpn = 29.8),
1.02 (dd, CHCHg, Jyn = 7.2, Jpy = 29.6), 2.71 (ds, €H, Iy =
Jpn = 72), 3.96 (q, QHy, Jyy = Jpu = 87)13C NMR: 6 4.2 (d,
MesSi, Jpc = 6.4), 16.8 (d, CKCH3, Jpc = 24.4), 17.4 (dCHCHg,
Jpc = 23.9), 31.6 (d, BH, Jpc = 15.1), 66.0 (dg, GQHy, Jpc =
23.4,Jrc = 35.0), 124.0 (dqCFs, Jpc = 11.4,Jrc = 278.4).31p
NMR: o6 154.0. Anal. Calcd for GH,7/FsNOPSp: C, 39.62; H,

8.16. Found: C, 39.74; H, 7.99.

11: R = t-Bu. The same procedure and various modifications

thereof, starting from either (M8i),NP(-Bu)CI*® or (Mes-

Si),NPCh,5 gave low yields of highly impure samples of compound
11 Consequently, it was characterized only by NMR spectral data.

1H NMR: 6 0.27 (s, MaSi), 0.29 (s, MgSi), 1.02 (d, ©Hs, Jpy
= 29.6), 3.95-4.07 (M, GCH,). 3C NMR: 6 4.3 (d, MeSi, Joc =
14.6), 5.5 (d, MgSi, Joc = 6.4), 26.1 (d, CHs, Jpc = 18.7), 35.6

14: R =i-Pr. Asin the preparation af0, THF was used as the
solvent instead of ether. Yield: 70%. Bp: 11013 °C (0.9
mmHg).'H NMR: 6 0.26 (s, MgSi), 0.97 (dd, CKCHz, Jun =
7.2,Jpn = 17.2), 1.02 (dd, CBHs, Jyq = 7.0,Jpy = 17.1), 2.28
(ds, RCH, Jyny = Jpy = 7.0), 7.00-7.27 (m, @Ph). 13C NMR: ¢
4.5 (d, MeSi, Jpc = 7.2), 17.0 (d, CKHs, Jpc = 25.7), 17.1 (d,
CHCHj3, Jpc = 24.6), 31.8 (d, BH, Jpc = 16.6), 119.5 (dp-Ph,

Jpc = 10.0), 122.0 (s, Ph), 129.3 (s, Ph), 151.0ifs0-Ph). 3P
NMR: ¢ 159.5. Anal. Calcd for gH3NOPS}: C, 55.00; H, 9.23.
Found: C, 55.01; H, 9.33.

Preparation of  N-Silyl-P,P-dibromophosphoranimines
Me3sSiIN=PRBr,R. 20: R = n-Pr. In a typical preparation, a 250
mL three-neck flask, equipped with & Mlet, a 60 mL addition
funnel, a magnetic stir bar, and a rubber septum, was charged with
the P-bromophosphiné& (0.050 mol) and benzene (70 mL). The
solution was cooled to 8C. A solution of bromine (2.8 mL, 0.055
mole) in benzene (10 mL) was added to the addition funnel via
syringe. The bromine solution was then added slowly to the
phosphine solution with constant stirring. The addition was stopped
when a slight red-brown color persisted in the reaction mixture.
The mixture was allowed to warm to room temperature and was
stirred for 1 h. Solvent and the M®iBr byproduct were removed
under reduced pressure leaving a red-brown viscous liquid.
Fractional distillation through a 10-cm column ga®@ as a
colorless, very moisture-sensitive liquid. A satisfactory elemental
analysis was not obtained because of the presence of small amounts
of unidentified impurities. Yield: 80%. Bp: 3632 °C (0.03
mmHg).'H NMR: ¢ 0.36 (s, M@Si), 1.32 (t, CHCHs, Juy = 7.2),
1.98-2.17 (m,CH,CHa), 2.86-2.96 (m, FCH,). 13C NMR: 6 1.5
(d, M83Si, Jpc= 8.1), 13.9 (d, CHCHg, Jpc = 250), 18.0 (dCHz-

CHs, Jpc = 8.0), 52.8 (d, BEHy, Jpc = 103.0).3'P NMR: 6 —40.5.
The same procedure usigbromophosphiné gave compound
21as a colorless liquid. Yield: 72%. Bp: 550 °C (0.03 mmHg).
IH NMR: 6 0.36 (s, M@Si), 1.20 (t, CHCHs, Juy = 7.4), 1.72
(sextet,CH,CHz, Jyy = 7.4), 1.93-2.10 (m,CH,CH,CHj), 2.86—
2.97 (m, FCHy). 13C NMR: 6 1.4 (d, Me&Si, Joc = 8.2), 13.5 (s,
CH,CHg), 22.3 (d,CH,CHs, Jpc = 24.8), 26.0 (d,CH,CH,CHj,
Jpc=8.3),50.5 (d, BHy, Jpc = 103.1).31P NMR: 6 —39.2. Anal.
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Calcd for GH1gBroNPSi: C, 25.09; H, 5.41. Found: C, 26.04; H,
5.02. The same procedure usiRgoromophosphing gave com-
pound22 as a colorless liquid. Yield: 90%. Bp: 3%0°C (0.03
mmHg).'H NMR: 6 0.12 (s, MgSi), 1.31 (dd, CKCH3, Jyn =
7.0, Jpy = 308), 2.58 (dS, eH, Jyy = 6.9, Jpy = 104) 13C
NMR: ¢ 1.4 (d, M&Si, Joc = 7.0), 16.9 (d, CKH3, Jpc = 4.5),
47.8 (d, FH, Jpc = 99.2).3P NMR: 6 —18.7. Anal. Calcd for
CgH16BroNPSI: C, 22.45; H, 5.02. Found: C, 22.76; H, 5.10.

Preparation of N-Silyl-P-bromo-P-trifluoroethoxyphospho-
ranimines, Me;SiN=P(Br)(OCH,CF3)R. Using the same ap-
paratus and procedure as described for the preparati@f, dhe
P-trifluoroethoxyphosphine§—11 were treated with Br Com-
pounds24—27 were obtained as colorless liquids with the following
characterization data.

24: R = n-Pr. Yield: 80%. Bp: 306-32°C (0.03 mmHg)H
NMR: 6 0.08 (s, MgSi), 1.06 (t, CHCHa, Jun = 7.3), 1.73 (sextet,
CH,CHj, 8.0), 2.12-2.26 (m, FCH,), 4.11-4.43 (m, CCHy). 13C
NMR: 6 2.4 (d, MeSi, Jpc = 5.2), 14.6 (d, CHCHj3, Jpc = 21.9),
16.8 (d,CH,CHg, Jpc = 6.0), 41.5 (d, EH,, Jpoc = 122.7), 60.9
(dq, QOCHy, Jpc = 7.5, Jc = 376), 124.1 (dQCFg, Jpc = 12.6,
Jrc = 277.3).31P NMR: ¢ 4.4. Anal. Calcd for @H;gBrFNOPSI:
C, 28.25; H, 5.33. Found: C, 28.48; H, 5.51.

25: R = n-Bu. Yield: 86%. Bp: 35-40°C (0.03 mmHg)H
NMR: ¢ 0.09 (d, MQSl, Jpn = 1.1), 0.94 (t, CHCHa, Juy = 73),
1.45 (sextet,CHZCHg, JhH = 75), 1.67 (q,CHQCH2CH3, Jhn =
8.0), 2.15-2.27 (m, FCH,), 4.14-4.43 (m, GCHy). °C NMR: ¢
2.2 (d, MQSI, Jpc= 5.1), 13.5 (S, ClzCHg), 22.9 (d,CH2CH3, Jpc
= 21.7), 24.8 (d,CHzCHzCHg, JpC: 60), 39.1 (d, BHz, Jpc =
122.9), 60.7 (dq, GHy, Jpc = 7.7, Jrc = 37.7), 124.1 (dqCFs3,
Jpc=12.6,Jrc = 277.6).3'P NMR: ¢ 5.0. Anal. Calcd for GHxoF-
NOPSI: C, 30.52; H, 5.69. Found: C, 30.34; H, 5.43.

26: R = i-Pr. Yield: 88%. Bp: 32-41 °C (1.0 mmHg).H
NMR: 6 0.09 (s, MgSi), 1.24 (dd, CKCH3, Juy = 7.0,Jpy = 24.9),
1.25 (dd, CKCHg, Jyny = 7.2, Jpy = 25.7), 2.26 (ds, €H, Iy =
Jpn=7.2), 4.14.44 (m, GCH,). 13C NMR: 6 2.2 (d, MeSi, Jpc
= 4.8), 16.8 (d, CKH3, Jpc = 4.2), 17.4 (dCHCHs, Jpc = 3.6),
37.6 (d, EH, Jpc = 121.9), 60.7 (dg, GHy, Jpc = 8.0, Jec =
37.5), 123.0 (dgCFs3, Jpc = 12.3,Jrc = 277.3).31P NMR: 6 15.9.
Anal. Calcd for GH1gFsNOPSI: C, 28.25; H, 5.33. Found: C,
28.19; H, 5.32.

27: R=t-Bu. IH NMR: ¢ 0.07 (s, MgSi), 1.24 (d, CHz, Jpn
= 22.6), 4.074.42 (m, CCHy). 13C NMR: ¢ 2.2 (d, M&Si, Jpc =
50), 41.1 (d, CHs, Jpc = 117.9), 60.7 (dq, GHy, Jpc = 8.0, Jc
= 37.5), 123.0 (dqCFs, Jpc = 12.3,Jc = 277.3).3'P NMR: ¢
22.0. Becaus@7 was prepared from the highly impure phosphine
11, analytical data were not obtained.

Preparation of N-Silyl-P-bromo-P-phenoxyphosphoranimines,
Me;SiN=P(Br)(OPh)R. Using the same apparatus and procedure
as described above for the preparatior20f the P-phenoxyphos-
phines 12—14 were treated with Br Compounds28—30 were
obtained as colorless liquids with the following characterization
data.

28: R = n-Pr. Yield: 73%. Bp: 85-88°C (0.03 mmHg).H
NMR: 6 0.10 (d, MgSi, Jpy = 1.4), 1.11 (dt, CHCH3, Jun = 7.2,
Jpn = 22), 1.83 (dSCHzCHg, Juv = Jpn = 77), 2.23-2.40 (m,
PCHy), 7.18-7.36 (m, @Ph). 13C NMR: 6 2.1 (d, M&Si, Jpc =
5.3), 14.6 (d, CHCHs, Jpc = 22.5), 16.8 (dCH,CHg, Joc = 5.9),
41.5 (d, RCHy, Jpc = 128.0), 121.7 (do-Ph,Jpc = 4.9), 125.4 (s,
Ph), 129.3 (s, Ph), 150.1 (ihso-Ph, Joc = 12.7).31P NMR: o
—0.4. Anal. Calcd for @H»BrNOPSI: C, 43.12 H, 6.33. Found:
C, 43.17; H, 6.65.

29: R = n-Bu. Yield: 61%. Bp: 103-110°C (0.02 mmHg).
IH NMR: 6 0.10 (d, MgSi, Jpy = 1.2), 0.98 (t, CHCHz, Jun =
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73), 1.49 (SeXteCHche,, JiH = e = 73), 1.78 (dQCHchg-
CHg, Jyy = 7.3,Jpn = 7.7), 2.26-2.39 (M, CHy), 7.18-7.35 (m,
OPHh). 13C NMR: ¢ 2.1 (d, MgSi, Joc = 5.5), 13.7 (s, ChCHy),
23.0 (d,CH,CHgs, Jpc = 21.7), 25.1 (dCH,CH,CHg, Jpc = 5.8),
39.3 (d, R:Hz, Jpc = 1284), 121.7 (dO-Ph,Jpc: 50), 125.3 (S,
Ph), 129.3 (s, Ph), 150.2 (éhso-Ph, Joc = 12.0).3P NMR: 6
0.1. Anal. Calcd for @H»>3BrNOPSI: C, 44.83; H, 6.66. Found:
C, 44.84; H, 6.66.

30: R=i-Pr. Yield: 70%. Bp: 116-113°C (0.9 mmHg).*H
NMR: 6 0.11 (s, MgSi), 1.28 (dd, CKCH3, Jun = 6.9,Jpn = 2.2),
1.36 (dd, CHCHg, Jun = 7.0, Jpy = 3.0), 2.38 (ds, BH, Jyu =
7.0,Jpn = 15.9), 7.22-7.36 (m, @Ph). 13C NMR: 6 2.1 (d, Me-

Si, Jpc = 5.2), 16.2 (d, C|'G:H3, Jp(; = 4.5), 16.8 (d,CHCH3, Jpc
= 3.9), 37.6 (d, BH, Jpc = 127.3), 121.6 (dp-Ph, Jpc = 5.2),
125.2 (s, Ph), 129.3 (s, Ph), 150.3 {gso-Ph, Joc = 13.3).3P
NMR: 6 11.4. Anal. Calcd for GH»:BrNOPSI: C, 43.12; H, 6.33.
Found: C, 43.20; H, 6.54.

Preparation of N-Silyl-P,P-diphenoxyphosphoranimines,
MezSiN=P(OPh)R. 31: R = n-Pr. In a typical preparation, a
250 mL, three-neck flask, equipped with & Mlet, a 25 mL
addition funnel, a magnetic stir bar, and a rubber septum, was
charged with phenol (4.7 g, 0.050 mol) and ether (100 mL). The
solution was cooled to 8C, andn-BuLi (20 mL, 2.5M in hexane,
0.050 mol) was added slowly via the addition funnel. The mixture
was allowed to warm to room temperature and was stirred for 1 h.
A separate 250 mL, three-neck flask, equipped in a similar fashion,
was charged with the dibromophosphoranimi2ég0.025 mole)
and ether (100 mL). The lithium phenoxide solution was transferred
to the solution containin@0 at 0 °C through a cannula via N
pressure. After warming to room temperature and stirring overnight,
most of the ether was removed under reduced pressure leaving a
thick slurry. The slurry was washed three times with hexane (100
mL) to help precipitate the salts. The supernatant was decanted
into a Nb-purged flask, and the solvent was removed under reduced
pressure leaving an oily residue. Fractional distillation through a
10-cm column gav&1 as a colorless liquid. Yield: 12.2 g (70%).
Bp: 110-125°C (0.03 mmHg)*H NMR: ¢ 0.05 (s, MgSi), 1.32
(dt, CHCHg, Jun = 7.2, Jpy = 1.7), 1.95-2.12 (m, CH,CHg),
2.19-2.30 (m, ’EHy), 7.39-7.57 (m, GPh). 3C NMR: 6 3.2 (d,
MesSi, Jpc = 3.2), 15.6 (d, CHCHj, Jpc = 19.3), 17.0 (dCHy-
CHgs, Jpc = 5.1), 31.4 (d, BH,, Jpc = 144.3), 121.6 (do-Ph, Jpc
=4.1), 124.7 (s, Ph), 129.7 (s, Ph), 151.6ifo-Ph, Jpc = 9.3).
31P NMR: ¢ 9.9. Anal. Calcd for GgH,gNO,.PSi: C, 62.22; H,
7.54. Found: C, 62.37; H, 7.40.

32: R = n-Bu. The same procedure using dibromophosphine
21gave compoun@2as a colorless liquid. Yield: 70%. Bp: 125
138 °C (0.03 mmHg).'H NMR: 6 0.02 (s, MgSi), 1.19 (t,
CH,CHg, Juy = 7.3), 1.69 (t,CH,CH3, Jyy = 7.4), 1.89-2.03 (m,
CH,CH,CHjy), 2.17-2.29 (m, FCH,), 7.36-7.55 (m, @Ph). 13C
NMR: ¢ 2.8 (d, MeSi, Joc = 3.4), 13.6 (s, CHCHs), 23.6 (d,
CH2CH3, Jp(; = 18.5), 25.0 (d,CHzCHzCHg, Jpc = 5.2), 28.6 (d,
PCH,, Jpc = 144.5), 121.2 (do-Ph,Jpc = 4.6), 124.2 (s, Ph), 129.3
(s, Ph), 151.3 (dipso-Ph, Jpc = 9.2). 3P NMR: ¢ 10.5. Anal.
Calcd for GgH2gNO,PSi: C, 63.13; H, 7.81. Found: C, 63.12; H,
7.73.

33: R=i-Pr. The same procedure using dibromophospizie
and THF as the solvent instead of ether gave comp@ds a
colorless liquid. Yield: 72%. Bp: 5560 °C (0.03 mmHg).'H
NMR: 6 0.24 (S, MQSi), 1.35 (dd, CHCH3, Jyy = 7.1,Jpp = 20.1),
2.24 (ds, BH, Jyy = 7.1, Jppy = 18.4), 7.11-7.31 (m, QPh). 13C
NMR: 6 3.1 (d, MeSi, Jpc = 4.4), 16.8 (d, CKH3, Jpc = 4.4),
28.5 (d, ’EH, Jpc = 148.9), 121.6 (dp-Ph, Jpc = 4.3), 124.4 (s,
Ph), 129.5 (s, Ph), 151.7 (ghso-Ph,Jpc = 9.8).31P NMR: ¢ 13.0.



Mixed-SubstituentN-Silylphosphoramines

Anal. Calcd for GgHaeNOPSI: C, 62.22; H, 7.54. Found: C,62.38; CH,CHs, Jyy = 7.4), 1.471.61 (m,CH,CH,CHjs), 1.73-1.85 (m,
H, 7.42. PCH,), 4.10-4.35 (m, GCH,). °C NMR: ¢ 3.0 (d, M&Si, Jpc =
Preparation of N-Silyl-P,P-bis(trifluoroethoxy)phosphora- 2.9), 13.4 (s, ChlCHs), 23.5 (d,CHxCHs, Jpc = 18.8), 24.4 (d,
nimines, MeSiN=P(OCH,CF3);R. The same apparatus and CH,CH,CHs, Joc = 5.2), 28.3 (d, BH,, Joc = 140.0), 60.9 (dq,
procedure as described for the preparatiorBbfwas employed OCHpa, Jpc = 6.5, Jc = 37.1), 123.1 (dgCFs, Jpc = 8.2, Jrc =
except that CECH,OH (3.6 mL, 0.050 mol) was used instead of 277.5).31P NMR: ¢ 21.5. Anal. Calcd for GH2FgNO,PSi: C,
phenol. As in the synthesis of thHi-propyl derivative33, THF 35.39; H, 5.94. Found: C, 34.95; H, 5.77.
was used as the solvent instead of ether in the preparatis. of 36: R = i-Pr. Yield: 50%. Bp: 40-44 °C (1.2 mmHg)."H
Compounds34—36 were obtained as colorless liquids with the NMR: 6 0.09 (s, MgSi), 1.14 (dd, CKCHg, Iy = 7.0,Jpn = 20.2),

following characterization data. 2.00 (ds, BH, Juy = 7.2,Jpn = 18.9), 4.14-4.30 (m, CCHy). 13C
34: R = n-Pr. Yield: 85%. Bp: 40-44 °C (1.2 mmHg).!H NMR: ¢ 3.1 (d, MeSi, Joc = 2.8), 15.9 (d,CHCHs, Jpc = 4.3),
NMR: 6 0.06 (s, MgSi), 1.01 (dt, CHCHs, Jun = 7.3, Jpn = 28.0 (d, ZH, Jpc = 144.1), 60.7 (dq, GH,, Joc = 7.0, Jpc =

1.6), 1.55-1.67 (m,CH,CHz), 1.73-1.84 (m, FCH,), 4.13-4.32 37.2), 123.2 (dgCFs, Joc = 8.2, Jec = 277.4).31P NMR:  24.5.
(m, OCH,). 13C NMR: ¢ 3.0 (d, M&Si, Joc = 2.7), 15.1 (d,  Anal. Calcd for GoHoFsNOPSi: C, 33.43; H, 5.61. Found: C,
CH,CHs, Jpc = 19.1), 16.2 (dCH,CHs, Jpc = 5.3), 30.7 (d, BH,, 33.10; H, 5.46.
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35: R = n-Bu. Yield: 51%. Bp: 52-54 °C (1.2 mmHg).*H
NMR: 6 0.05 (s, MgSi), 0.92 (t, CHCHs, Jun = 7.3), 1.39 (sextet, 1C025761C
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