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The title compound4) in which transannular bridgeheatiridgehead bonding is absent, reacts with phosphoryl
and silyl chlorides to give the isolable salts [ZOP(MeNCHi,)sN]Cl where Z= PhP(O), 6(Cl); PhP(O)CI,
7(Cl); Y,PhP(0)8(Cl); MeSiCh, 14(Cl); and SiCt, 15(Cl). Spectroscopic evidence for [ROP(MeNg&HH,)sN]*
cations, where R= H, 16, Me, 17; Et, 18, and the isolation of the regioisomeric cations§R(MeNCH.CHy)s-
NR]™ (R = Me, 19; Et, 20; n-Pr, 21; n-Bu, 22) as their iodide salts is also reported. In the presence #|
PCE, or SOC}, 4 gives the [CIP(MeNCHCH,)3N] ™ cation 6) which is also formed when P(MeNGBH,)sN

is oxidized with GClg. The more sterically hindered analoguedphamely G=P(i-PrNCHCH,)sN (28) (whose
synthesis is reported herein), reacts with Mel and Etl to afford the isolable safR[(@PrNCHCH,)sNR]I [R

= Me, 29(I); Et, 30(I)]. Cations29and30display'H and'3C NMR spectra at room temperature that are consistent
with a quaternization-induced rigidity of the cage that renders thesfCOH methyl groups inequivalent on the
NMR time scale. Acyclic GP(NMe,); reacts with [RO]BF4 (R = Me, Et) giving the corresponding isolated
salts [MeOP(NMg)3]BF4 and [EtOP(NMe)3]BF4. Reaction of HCI with G=P(NMey); afforded sublimable
(Me,N)3P=0-HCI which represents the first protonated phosphoryl species structured by X-ray crystallography.
The transannular bond lengths &(Cl) and 26(PCk) [1.948(5) A and 1.934(8) A, respectively] are within
experimental error of the corresponding link in the [HP(MeNCH,):N]* cation [1.967(8) A].

Introduction 3—5,% in which the P-Na bond distances (3.137 and 3.162 A
for 410 and5,'! respectively) are intermediate between the sum
The proazaphosphatrafigias been shown to be a very strong ¢ the p and N van der Waals radii (3.35 A) and the covalent
nonionic bask 3 that functions as a superior stoichiometric base transannular bond distance 21 Our studies of the catalytic
in a variety of synthetically useful organic transformatiéres properties of1 and 3—5 revealed that bridgehead—Ray

a superior catalyst for the efficient conversion of aryl isocyanates yansannulation plays a critical role in the catalytic transforma-
to isocyanuratésand for the protection of alcohols by acylatfon tion of isocyanates to isocyanurates usibgor 3 and to

and silylation! Cation2, the protonated form of, features a carbodiimides using or 5.5
transannular PN covalent bond [1.967(8) A] that arises from ¢ report here our exploration of the role of transannulation

upward pyramidalization of the bridgehead nitrogen.in We in the basicity of the bridgehead nitrogen and the phosphoryl
oxygen of4 in the presence of various acceptors. Herein we
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N scopic evidence for salts6(Cl), 17(BF,), and 18(BF4) upon
addition of HCI, MeOBF, and EtOBF, to 4, respectively; and
have also found that forms quasi-azaphosphatranes such as the isolation of saltd9(1)-22(1) from the reaction o# with the

corresponding alkyl iodides. For comparison, the acyclic
(1) Tang, J.-S.: Verkade, J. G. in “Synthetic Methods in Organometallic analogue o#l, namely G=P(NMe); was allowed to react with

and Inorganic Chemistry”, H. Karsch, EA996 3, 177. PhP(O)CI, PhP(O)Cl RI (R = Me, Et,n-Pr,n-Bu), HCI, Mes-
@ Il.ggamay, M. A. H.; Verkade J. G. Anorg. Allg. Chem1991, 605 OBF4, and EtOBF,. The last three reagents gave the salts
(3) Laramay, M. A. H.; Verkade J. G. Am. Chem. S099q 112 9421, 23(Cl), 24(BF.), and25(BF,), respectively. In the presence of
(4) Mohan, T.; Arumugam, S.; Wang, T.; Jacobson, R. A.; Verkade, J.
G. Heteroatom Cheml996 7, 455. (9) Schmidt, H.; Lensink, C.; Xi, S. K.; Verkade, J. @. Anorg. Allg.
(5) Tang, J.-S.; Mohan, T.; Verkade, J. &.Org. Chem1994 59,4931. Chem.1989 578, 75.
(6) D’'Sa, Bosco A.; Verkade, J. G. Org. Chem1996 61, 2963. (10) Tang, J.-S.; Dopke, J.; Verkade, J.JGAm. Chem. S0d.993 115
(7) D’'Sa, B.; Verkade, J. GI. Am. Chem. S0d.996 118 832. 5015.
(8) Lensink, C.; Xi, S. K.; Verkade J. G. Am. Chem. S0d.989 111, (11) Xi, S. K.; Schmidt, H.; Lensink, C.; Kim, S.; Wintergrass, D.; Daniels,
3478. L. M.; Jacobson, R. A.; Verkade, J. Gworg, Chem199Q 29, 2214.
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Although 4 reacts with P§P(O)CIl and PhP(O)G] giving
6—8(Cl), 4 in the presence of ©PCkL does not afford
compounds9—11(Cl). Compound4 in the presence of one
equivalent of G=PCk displayed two*P NMR peaks having
the same intensity; that at8.50 ppm corresponding to the
dichlorophosphate anion $#0,~ and the other at-20.9 ppm
associated with the chlorophosphonium ca6n Also present
was a pair of doublets{15.6 and—31.6 ppm 3Jpp= 68.0 Hz)
of low intensity which decreased gradually as the former two
peaks increased. The pair of doublets are indicative of a two-
phosphorus system we tentatively assum@@) on the basis
of mass spectral (ESI) evidenaa/g 350 for the cation). The
formation of an analogous salt was observed previously as an
intermediate in the reaction of €€P(NMey)z with OPCk.12
These results are consistent with the reaction sequence in
Scheme 1 in which the gP=0 moiety (being more electrone-
gative than the RIP=O group in6(Cl)) weakens the pP—O
bond sufficiently for the chloride anion to nucleophilically attack
the phosphorus of the cage to form the tricyclic six-coordinate
intermediaté® shown, thus leading t286(CI,PQ,). Apparently
9(ClI) is more reactive thaB[CI] which can be isolated. Support
for the formation of catio® stems from a mass spectrum (ESI)
of the reaction mixture. In the positive mode, the spectrum
displays a smaller peak f& (m/z 350) and a larger peak for
26 (m/z251), while in the negative mode, a peak for theRChL~
anion Wz 134) is observed. The reaction 4fand PG4 also
gave26(Cl), and we assume=8PCk was concomitantly formed
since the3P chemical shift of &PCk (6.28 ppm) severely
overlaps that of PGI(6.50 ppm). Wherd was treated with
excess PGlat room temperature, bright green crystals were
obtained which were shown by NMR and mass (ESI) spec-
troscopies and also by X-ray crystallography to be compound
26(PCk). The formation oR6(PCk) can be envisioned by either

compounds reveal the presence of inequivalent methyl groupsof the pathways suggested in Scheme 2. The production of
in thei-Pr moieties on the NMR time scale, presumably owing O=PCkin Scheme 2 was confirmed by monitoring the reaction
to rigidity of the cage induced by quaternization of the in CDsCN and observing the intermediate appearancé'®f

bridgehead nitrogen. The structures &fCl) and 26(PCk),

signals at—20.3 ppm £6) and 6.65 ppm (&PCk). Thus the

determined by X-ray means, feature unusually short transannularreaction to form26(Cl) proceeds too quickly for the ©PCk
bond distances [1.948(5) and 1.934(8) A, respectively]. We produced to react witht to form 26(CI,PQ,) in detectable

also report the isolation a23(Cl) which represents the first

amounts, since the peak-af.0 ppm corresponding to the anion

example of a fully characterized phosphoryl compound proto- Cl,PO,~ was not observed. Compoun26(Cl) was also

nated on the phosphoryl oxygen. The structur@¥fl) was
verified by X-ray crystallography.

Discussion

Reactions. Compound6(Cl) forms rapidly (<10 min) and
guantitatively upon adding PR(O)CI to4 at room temperature.
In this reaction, the P atom in B(O)CI apparently serves as

synthesized in quantitative yield in reactions 1 and 2.
1+ CI,CCCl, — 26(Cl) + CI,C=CCl, 1)
4+ CIL,SO— 26(Cl) + SG, 2
Compound4 does not react with BRCI [in contrast to

PhP(O)CI] owing to the reduced electrophilicity of trivalent
phosphorus in P#CIl. The phosphorane FPBr also fails to

an electrophilic site for attack by the nucleophilic oxygen of react with4 perhaps mainly because of steric protection by the

the P=0 group. The formation of the stable cati6is favored
by transannulation, resulting in a shorgN-P coordinate bond

(see later). Similarly4 reacts with one and 0.5 equiv of PhP-

(O)-Cly, giving 7(Cl) and8(Cl), respectively, the cation in the
latter possessing the structure depicted schematically.

(12) Dormoy, J. R.; Castro, Bletrahedron Lett1979 35, 3321.

(13) Isolable polycyclic six-coordinate phosphorus compounds are well-
known. See for example: (a) Luo, H.; McDonald, R.; Cavell, R. G.
Angew. Chem1998 37, 1098. (b) Ramirez, F.; Prasad, V. A. V;
Maracek, J. FJ. Am. Chem. S0d.974 96, 7269.
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ppm] suspected to be6(Cl) (see later) that arose from partial
hydrolysis of MgSiCl. A 3P VTNMR study in acetonels of

a 1:1 mixture of4 and the more electrophilic B&ICl showed

that the single resonance at 12.3 ppm at room temperature was
split into two resonances upon lowering the temperature, so that
at —60 °C the spectrum consisted of a large resonanee2at9

ppm indicative of transannulated3(Cl) and a small peak at
22.4 ppm corresponding to starting matedal By reacting4

with excess MeSiGland SiCl, 14(Cl) and15(Cl) were isolated
according to reactions 3 and 4, respectively. Attempts to grow

MeSiCl o
2 z 3)

N— 14(Cl) MeSiCl,
15(CD)  SiCly

|
N\ SiCly </L N/ ‘ @

crystals of these compounds have not been successful. That
cations 14 and 15 are transannulated, however, is strongly
indicated by their upfield!P chemical shifts{30.0 and-35.0

ppm, respectively) which are substantially further upfield than
that of untransannulated (22.4 ppm) or, in fact, of the
transannulated catiod (—11.0 ppm). Additional products of
reactions 3 and 4 as well as reactions 4fwith other
chlorosilanes will be reported in the due course.

In contrast tdb, which undergoes alkylation at the bridgehead
nitrogen or the sulfur atom with Mel and Etl, giving regioiso-
mers!* 4 readily reacts with Mel in CECN to give only1Y(I)
in quantitative yield at room temperature. Analogous reactions
of 4 with Etl, n-Prl, andn-Bul in CH3CN were also carried
out, giving2(l), 21(1), and 22(1), respectively. The constitu-
tions of all these products were confirmed by NMRI(13C,
31pP) and mass (ESI) spectroscopies. For these cations, confir-
mation of bridgehead nitrogen alkylation is afforded by their
31p chemical shifts, which do not differ substantially from that
of 4. The completion times and the temperatures for reactions
of 4 with Rl are 10 min (room temperature) for Mel; 24 h (50
°C) for Etl; 38 h (50°C) for n-Prl; and 50 h (60C) for n-Bul,
as monitored byP NMR spectroscopy. With-Prl, Phl, or
EtBr, no reaction was indicated BJP NMR spectroscopy. The
relative reaction rates in GEN of RI with 4, namely, Mel>
Etl > n-Prl > n-Bul > i-Prl, Phl, EtBr, are consistent with
Sy2 attack of the bridgehead nitrogen4ron thea carbon of
RX. These results accord with the ideas that the bridgehead
nitrogen is more nucleophilic than the O atomdadnd that the
bridgehead nitrogen id is quite sensitive to the bulk of the
alkylation agent.

For acyclic G=P(NMey)s, which lacks a bridgehead nitrogen,
attempts to alkylate the oxygen with RI (R Me, Et, n-Pr,
n-Bu) failed, giving only starting materials according'té and
31P NMR spectral monitoring of these reactions in4CIN. On

4

phenyl groups and its reluctance to dissociate which could the other hand, the protonation of the O atom efR{NMey)3
facilitate an §1 pathway. The importance of the stability ~with HCI, and analogously the alkylation of that atom withMe
afforded by transannulation in many of the above reactions is OBF, and EtOBF, occurs readily at room temperature to give
indicated by the failure of (M#\)sP=O0 to react with PhP- 23(Cl), 24(BF,), and 25(BF,), respectively, in quantitative
(O)CI (in contrast to4). isolated yields in less than 10 min. Interestingly the hydro-
A 3P NMR spectrum of the reaction dfwith one equivalent chloride of G=P(NMe)3 [23(Cl)] readily sublimes (very likely
of MesSIiCl in CD;CN at room temperature revealed the via HCI dissociation) without decomposition. The alkylation
presence of a broad signal-atl.1 ppm which moved upfield  products are undoubtedly formed by a§l $nechanism in which
upon further addition of M¢SiCl, suggestive of the formation  a carbocation is attacked by a polar phosphoryl oxygen. As
of transannulated2(Cl). However, attempts to isolate a product mentioned earlier, the phosphoryl bondliis more nucleophilic

by solvent evaporation, precipitation with,Bt or cooling to than that in G=P(NMey)s, thus favoring perhaps some,B
—30°C, yielded only a mixture of starting materia[3'P NMR

(CD3CN) 22.4 ppm] and a productP NMR (CD:CN) 14.1

(14) Tang, J.-S.; Verkade, J. G. Am. Chem. S0d.993 115, 1660.
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alkylation of the O atom in this molecule. However, bridgehead
N-alkylation could be a competing process. Indeed, the reaction
mixture of 4 with Et;OBF; showed two signals ig!P NMR
spectroscopy: 20.7 ppm correspondin@?@BF,) and —3.31
ppm, assumed to bEB(BF,) based on its upfieldP chemical
shift and on its'H NMR pattern (equation 5). The ratio of

R
(I) Me R A
Me N _Me 16 H «
4 —— N—PQS (A 17 Me BF, (5)
? 18 Et BF,
N

these two regioisomers is 220(18) based on3P NMR

spectroscopy, suggesting that the bridgehead nitrogen is more

nucleophilic than the phosphoryl oxygendmespite the virtual
planarity of its bridgehead nitrogéf. Similarly, the reaction

of 4 with Me3sOBF; also gave signals at 20.5 pprh9j and at
—36.1 ppm (assumed to H&). However,4 reacted with one
equivalent of HCI giving one new signal at 14.6 ppm in e
NMR spectrum which is assumed to b& Although we were
unable to isolate these regioisomei0,(18, and 17, 19)
individually (owing mainly to their similar solubilities and
tendency toward decomposition reactions) the NMR spectro-
scopic evidence for these regioisomers is strong.

NMR Studies of Cations 19, 20, and 29.Although the3!P
NMR spectrum of catiorl9 shows one signal at 20.2 ppm its
IH NMR spectrum revealed four broad triplets centered at 4.07,
3.70, 3.15, and 3.05 ppm for the bridge methylene groups. It
was initially speculated that this observation was attributable
to an unprecedentedpy of more than 300 Hz. However, its
31p-decoupledH NMR spectrum showed a singlet at 2.65 ppm
for the Me protons which appears as a doublet irf#Recoupled
IH NMR spectrum, and no change for the bridging methylene
group resonances. Moreover, it8C, 'H NOESY NMR

spectrum showed that the methylene group protons resonating

at 4.07 and 3.15 ppm are attached to the sam€mM, carbon
while the other two protons are attached to the same MeNCH
carbon. Thus, although the three bridging MeN@hethylene
carbons and the three bridgingfCH,); carbons are equivalent
by 13C NMR spectroscopy, the two protons (&hd H,) on any

given bridging carbon are not equivalent and possess a

substantial chemical shift difference (0.91 ppm). These obser-
vations are consistent with the following argument. While the
cage structure ofl is flexible with regard to ring inversion,
rendering vicinal pairs of hydrogens equivalent, the bridgehead
nitrogen in catiorl9 donates its lone pair to an exocyclic methyl

Liu and Verkade

Figure 1. Molecular structure plot of the cation @&(Cl)-CHsCN.
Ellipsoids are drawn at the 50% probability level.

Figure 2. Molecular structure plot o26(PCk). Ellipsoids are drawn
at the 50% probability level.

nearly ideal trigonal bipyramidal phosphorus witBgNP—Neq
angles of 119.2 All these metrics are consistent with a fully
transannulated structure. The structure of catiprnwhose
metrics are within experimental error of those2ofas judged

by the 3 x (esd) criterion] is only the second structurally
determined example of a fully transannulated phosphatrane.
Upon transforming4 to 6(Cl), the P=O bond in4 [1.473(2)

cation, giving rise to a considerably more rigid structure. As a Al9 lengthens to 1.667(4) A in the- FO(O)PPh linkage, which
consequence, there is expected to be a twist along the pseudol—S longer than a normal single-® bond (1.604 A5)’. The

3-fold axis of the cage that would account for the differentiation
in the chemical environments ofstdnd H, on the methylene
carbons of catiorl9.

The rigidity of the cage moiety of catiol® imposed by the
bridgehead alkyl group is sufficiently robust that it is preserved
upon heating to 80C as shown in a VT*H NMR study.
Moreover, when the bridging nitrogens beédr instead of Me
groups as in catior9, two sets of doublets are observed for
the CH(CH3), protons which are separated by about 0.06 ppm.
This stereodifferentiating effect is also extended to thé&-C
CHgs protons in cation20 for which two sets of multiplets
separated by about 0.09 ppm were observed.

Structural Considerations. The molecular structure drawing
of 6(Cl) in Figure 1 features a-PNay distance of 1.948(5) A
(which is 40% shorter than the sum of the P and N van der

Waals radii), a nearly tetrahedral bridgehead nitrogen and a

long axial bonds, so typical of trigonal bipyramidal phosphorus
compounds, can be interpreted in terms of a 3-center 4-electron
MO system. Interestingly, the long F(O)O—-P distance in
6(Cl) allows for a compensatory shortening of the;®®©)—
OP distance to 1.581(4) A, although this distance is (not
unexpectedly) longer than the forma=P linkage [1.471(4)
A]in this molecule. That the transannula#R bond in cation
6 [1.948(5) A] is longer than a normal single boneR link
can be seen by comparing it to the-Req distances in this
structure (average 1.654 A).

The computer drawing o26(PCk) in Figure 2, the third
reported example of a fully transannulated phosphatrane, reveals
a transannular distance of 1.934(8) A and average-R—Neq

(15) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrydohn
Wiley & Sons: New York, 1988.
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Figure 3. Molecular structure plot of the cation @3(Cl). Ellipsoids
are drawn at the 50% probability level.

angles of 119.% Not unexpectedly the PCI distance in the
cation [2.109(4) A] is somewhat longer than that found in
tetracovalent PCl compounds (2.00 &) and is almost within
experimental error of those in its RClcounterion [average
2.141(4) A]. The transannular bond lengths&{Cl), 26(Cl),
and catior? [1.948(5), 1.934(8), and 1.967(8) A, respectively]

Inorganic Chemistry, Vol. 37, No. 20, 1998193

is nearly linear with an angle of 175 The roughly sp
hybridization of the oxygen suggested by the®-H angle

of 117.55(13) is also consistent with the presence of a single
OH bond even though the=FO linkage length is indicative of
multiple bond charactéf. The structure o23(Cl) is interesting

to compare with32 in which the phosphoryl oxygen is
hydrogen-bound to a water molecdfe The phosphoryl bond
length [1.487(8) A] in32 is typical of a P=O link and the
oxygen is 2.31 A from the nearest hydrogen of the water. Also
of interest is the structure of cati@3 which was derived from
32 by the addition of nonaqueous H&I. Here the P-O bond
length is typical of a single-bonded distance [1.635(5) AThe
O—H distance in33 was not reported.

The P-N bond lengths ir23(Cl) are normal (average 1.619
A) and the nitrogen stereochemistries are uniformly almost
planar (average sum of angles358.4) which is quite typical
of amino groups bound to third row elements. However, the
geometry around phosphorus is inexplicably quite distorted from
tetrahedral. Thus the NP—N bond angles range from 104.95
to 117.58 and the G-P—N angles range from 103.52 to
117.48. We are currently exploring the theoretical implications

are all within experimental error of one another as judged by of these metrics.

the 3x(esd) criterion. We find it interesting that in view of the

remarkable variability of these distances [from ca. 3.33 A to Experimental Section

1.967(8) A, depending upon the group bound to phosphorus in

117, each of the three rather different formally positive
phosphorus substituents'HPh,P(O)O", and Cf" in cations2,

6, and 26, respectively, give rise to full transannulation in the
cage structure of. Equally interesting is our observation that
the CH™ substituent in31(l) does not induce transannulation
[bridgeheae-bridgehead distance, 2.773(2) A].

I\I/Ie
Me
MP\ e
—PYUN, Me
NP

N

3

Z X
32 =0--HOH 0
33 —OH +1

The computer drawing of the catioB3(Cl) in Figure 3

Acetonitrile was dried with Call and E3O was dried with sodium.
All solvents were freshly distilled before use and all reactions were
carried out under argon*H and*3C NMR spectra were recorded on a
varian VXR-300 NMR spectrometer or a Bruker WM-200 NMR
spectrometer.®’P NMR spectra were recorded on a Bruker WM-200
NMR spectrometer using 85%sF0, as the external standard. High-
resolution mass spectra were recorded on a KRATOS MS-50 spec-
trometer and ESI mass spectra were performed using a Finnigan
TSQ700 spectrometer. Elemental analyses were performed in the
Instrument Services Laboratory of the Chemistry Department at lowa
State University. X-ray data collections and structure solutions were
conducted at the lowa State Molecular Structure Laboratory. Refine-
ment calculations were performed on a Digital Equipment Micro VAX
3100 computer using the SHELXTL-Pfsand SHELXL-93?122

Compoundsl,® 4,° and 222° were synthesized according to our
previously published methods. Compouhid commercially available
from Strem Chemical Co. All other chemicals were purchased from
Aldrich Chemical Co. and were used as received.

[Ph,P(O)OP(MeNCH,CH,)sN]CI, 6(Cl). To a solution o# (0.175
g, 0.754 mmol) in 10 mL of CECN was added RR(O)CI (0.181 g,
0.760 mmol), and the resulting clear solution was stirredfd at
ambient temperature. After the volatiles were removed slowly under
vacuum and the residue was washed with colDER x 5 mL), 6(Cl)
was obtained as colorless crystals (0.32 g, 90%). NMR (CD;CN):

represents the first structure determination of a phosphoryl 6 24.28 (d, Ry, 2Jpp = 49.2 Hz),—22.60 (d, Ry, 2Jpp = 49.2 Hz).'H
compound protonated on the phosphoryl oxygen. Interestingly NMR (CD:CN): 6 2.77 (d, 9H, CH, ®Jpy = 12.0 Hz), 3.09 (dt, 6H,

the interatomic distance in the phosphoryl group [1.541(2) A]
is significantly longer than that observed 4n[1.473(2) AL
although it is not beyond the value quoted for a typica@
bond (1.55 A%). The P=0 distance ir23(Cl) is also consider-
ably shorter than the ##—0O distances ir6(Cl) [1.667(4) A]
wherein an NPO—P(O)Ph covalent bond is formed. Some-
what unexpectedly, the -€H distance ir23(Cl) [1.00(5) A] is
within experimental error of that in the water molecule &
0.957 Al83 suggesting the existence of a covalent singteHD
bond in23(Cl). The CI ion in this compound is-1.83 A from

the hydrogen of this OH group and appears to be hydrogen- _ _
bound since the sum of the covalent and van der Waals radii (20) SHELXTL-PLUSSiemens Analytical X-ray, Inc.:

are 1.28 and 2.95 A, respectivéfp. The CHH—O arrangement

(16) Emsley, J.; Hall, DThe Chemistry of Phosphorullarper & Row:
New York, 1976.
(17) Verkade, J. GAcc. Chem. Red993 26, 483.

aXCHz, JpH =3.0 HZ 3\]HH =6.0 HZ) 3.20 (dt 6H quHZ, JpH =
18.0 Hz,%Juy = 6.0 Hz), 7.56-7.84 (m, 10H, Ph).23C NMR (CDs-
CN) o 38.58 (d CH ZJPC =45 HZ) 46.87 (d MCHZ, Jpc— 8.5
Hz), 47.15 (d, NfCHp, 2Jpc = 10.0 Hz), 129.87 (d, PRJec = 13.5
Hz), 132.22 (d, Ph3Jpc = 11.5 Hz), 133.44 (d, PHJpc = 3.0 Hz),

(18) (a)Tables of Interatomic Distances and Configuration in Molecules
Sutton, L. E., Ed.; Special Publication 18; The Chemical Society:
London, 1965. (b) Mackay, K. M.; Mackay, R. Antroduction to
Modern Inorganic Chemistryith ed.; Prentice Hall: Englewood Cliffs,
NJ, 1989.

(19) Yamamoto, Y.; Nadano, R.; ltagaki, M.; Akiba, K.Am. Chem. Soc.
1995 117, 8287.

Madison, WI.

(21) Sheldrick, G. MSHELXL93 Program for the Refinement of Crystal
Structures University of Gottingen: Germany, 1993.
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134.06 (d, PhiJpc= 141.5 Hz). MS (ESI)wWz 433.2 (cation). Anal.
Calcd for G1CIH3:N4O-P,: C, 53.79; H, 6.66; N, 11.95. Found: C,
53.42; H, 6.79; N, 11.64.

[Ph(CI)P(O)OP(MeNCH,CH_)sN]CI, 7(Cl). To a solution of4
(46.4 mg, 0.200 mmol) in 5 mL of C}€N was added PhP(0)[60.0
mg, 0.300 mmol). After the resulting clear solution was stirred for 1
h at ambient temperatur@(Cl) was precipitated as a white solid (78
mg, 91%) by adding 5 mL of &D followed by washing with EO (2
x 5 mL). 3P NMR (CDCN): ¢ —31.51 (d, Ryp 2Jpp = 60.0 Hz),
13.73 (d, Ry, 2Jpp = 60.0 Hz). H NMR (CDsCN): ¢ 2.83 (d, 9H,
CHa, 3Jpp = 12.0 Hz), 3.19-3.30 (m, 12H, NCH, overlapped with
NeCHz), 7.57-7.97 (m, 5H, Ph).*C NMR (CDsCN): ¢ 38.38 (d,
CHs, 2pc = 5.0 Hz), 46.14 (d, NCHy, 3Jpc = 10.0 Hz), 46.55 (d,
NedCHz, 2Jpn = 11.0 Hz), 130.30 (d, PRJec = 18.0 Hz), 131.79 (d,
Ph,3Jpc = 13.0 Hz), 134.91 (d, PHJpc = 3.0 Hz). (The signal of the
ipsocarbon in the Ph group was too weak to be observed.) MS (ESI)
m/z. 391 (cation). Anal. Calcd for GCloH26N4O,P,: C, 42.15; H,
6.09; N, 13.11; P, 14.52. Found: C, 41.77; H, 5.88; N, 13.34; P, 14.62.

{PhP(O)[OP(MeNCH,CH_)3N]2}Cl,, 8(Cl). To a solution of4
(0.130 g, 0.560 mmol) in 5 mL of C¥N was added PhP(0O)£(50.0
mg, 0.256 mmol). The resulting clear solution was stirredifdn at
ambient temperature. The prod@&Cl) (0.15 g, 88%) was precipitated
as a white solid by adding 5 mL of £ followed by washing with
EtO (2 x 5mL). 3P NMR (CD,CN): 6 —11.08 (d, 2P, By, 2Jpp =
42.4 Hz),—8.15 (t, 1P, R, 2Jpp = 42.4 HZz). 'H NMR (CDsCN): 6
2.74 (d, 18H, CH, 3Jpy; = 12.0 Hz), 3.00 (t, 12H, NCH,, 3Jun = 6.0
Hz), 3.11 (dt, 12H, MCHp, 3Jpw = 21.0 Hz,3Jun = 6.0 Hz), 7.53
7.95 (m, 5H, Ph).1*C NMR (CDsCN): ¢ 38.08 (d, CH, 2Jpc = 3.0
Hz), 48.13 (d, NuCHy, 3Jpc = 7.5 Hz), 48.55 (d, NCHy, 2Jpc = 8.3
Hz), 129.89 (d, Ph2Jec = 16.5 Hz), 132.96 (d, PFJpec = 11.3 Hz),
134.26 (d, Ph#Jec = 3.0 Hz). (The signal of the ipso carbon in the
Ph group was too weak to be observed.) MS (FA®j 298 (cation
M2t/2). Anal. Calcd for GHs7NgPOsCly: C, 43.71; H, 7.18; N,
16.99. Found: C, 43.21; H, 7.62; N, 16.51.

[CI.MeSiOP(MeNCH,CH5)sN]Cl, 14(Cl). To a solution o# (92.8
mg, 0.400 mmol) in 5 mL of CECN was added excess MeSi(90.0
mg, 0.600 mmol). The resulting clear solution was stirredifdn at

room temperature, and then the volatiles were removed under vacuum.

The residue was washed with,Et (2 x 5 mL) to give 14(Cl) as a
white solid (0.11 g, 75%).3'P NMR (CD;CN): 6 —38.01. *H NMR
(CDsCN): 6 1.02 (s, 3H, SiCH), 2.75 (d, 9H, NCHs, 3Jpn = 13.4
Hz), 3.13-3.22 (m, 12H, N,CH, overlapping with N{CH,). *C NMR
(CDsCN): ¢ 5.93 (s, SiCH), 37.25 (d, NfCHs, 2Jpc = 5.0 Hz), 44.85
(d, NaCHz, 3Jpc = 9.4 Hz), 45.01 (d, NCHy, 2Jpc = 10.9 Hz). MS
(ESI) m/z. 346 (cation).

[CI3SIOP(MeNCH,CH2)3N]CI, 15(Cl). To a solution of4 (92.8
mg, 0.40 mmol) in 5 mL of CHCN was added excess SiGL02 mg,
0.60 mmol). The resulting clear solution was stirredXd atambient

temperature and then all the volatiles were removed under vacuum.

The residue was washed with,Et (2 x 5 mL) to give 15Cl) as a
white solid (0.12 g, 74%).3'P NMR (CD;CN): 6 —39.67. 'H NMR
(CDsCN): ¢ 2.78 (d, 9H, N¢CHs, 3Jpy = 12.0 Hz), 3.19-3.29 (m,
12H, N,CH, overlapping with N(CH,). *C NMR (CDsCN): ¢ 38.10
(d, NeqCHs, 2Jpc = 5.5 Hz), 45.70 (d, NCHy, 3Jpc = 6.5 Hz), 45.92
(d, NeCHp, 2Jpc = 8.0 Hz). MS (ESI)Wz 367 (cation). Attempts to
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[O=P(MeNCH,CH;)sNEt]l, 20(l). To a solution of4 (92.8 mg,
0.400 mmol) in 5 mL of CHCN was added excess Etl (0.180 g, 1.20
mmol). After the clear solution was stirred for 24 h at 8D, 20(1)
was precipitated as a white solid (0.11 g, 71%) by adding 5 mL of
Et,O followed by washing with EO (2 x 5 mL). 3P NMR (CDs
CN): 6 20.25. *H NMR (CDsCN): 6 1.34 (t, 3H, NxCH2CHg, 3Jun
= 7.2 Hz), 2.67 (d, 9H, BiCHs, 3Jpn = 7.5 Hz), 3.06-3.20 (m, 6H,
NaCH; overlapped with WCH>), 3.38 and 3.48 (m, 2H, NCH,CH),
3.73 (bdt, 3H, N{CHz, 33y = 13.5 Hz), 3.90 (t, 3H, NCHy, 3Jun =
13.5 Hz). 13C NMR (CDsCN): 6 9.66 (s, NxCH,CHs3), 34.79 (d, N¢
CHs, 2Jpc = 4.5 Hz), 48.25 (d, NCHy, 3Jpc = 6.4 Hz), 61.00 (s, Nr
CHy), 71.53 (s, N\xCH2CH3). MS (ESI)m/z 261 (cation).

[HOP(NMe)3ICl, 23(Cl). To a solution of G=P(NMe&y); (0.900
g, 5.00 mmol) in 15 mL of THF was added excess HCl as a 1.0 M
solution in EtO (10.0 mL, 10.0 mmol). A white precipitate formed
within one minute. The resulting reaction mixture was stirred for 1 h
at ambient temperature after which additioB8{Cl) was precipitated
as a white solid (1.0 g, 95%) by adding 10 mL ot@tfollowed by
washing with E£O (2 x 10 mL). Sublimation at 60C/1.0 Torr yielded
23(Cl) (0.985 g, 91%) as colorless crystaldP NMR (CD:CN): o
33.54. *H NMR (CDsCN): ¢ 2.67 (d, 18H, NCH, 3Jpy = 9.0 Hz).
13C NMR (CDsCN): 6 36.93 (d, NCH, 2Jpc = 5.3 Hz). MS (FAB)
m/z. 180 (cation). Anal. Calcd for &1:4CINsOP: C, 33.42; H, 8.82;
N, 19.49; P, 14.39; Cl, 16.45. Found: C, 33.22; H, 8.31; N, 19.44; P,
14.52; Cl, 16.25.

[MeOP(NMey)s]BF4, 24(BF;). To a solution of MgOBF, (0.742
g, 5.00 mmol) in 10 mL of CKCN was added &P(NMe,); (0.950 g,
5.30 mmol). The resulting clear solution was stirredXd atambient
temperature after whicB4(BF,) was obtained as a white solid (1.5 g,
90%) by precipitation with 10 mL of ED followed by washing with
Et,O (2 x 10 mL). Recrystallization from EO/CH;CN (1:1) at—20
°C gave24(BF,) (1.2 g, 73%) as colorless crystal$'P NMR (CDs-
CN): 6 39.45. 'H NMR (CDsCN): ¢ 2.73 (d, 18H, NCH, 3Jpy =
10.0 Hz), 3.85 (d, 3H, Ckl 3Jpn = 11.8 Hz). 3C NMR (CDsCN): 6
37.20 (d, NCH, 2Jpc = 4.6 Hz), 56.56 (d, Ch| 2Jpc = 7.1 Hz). MS
(ESl)m/z 194 (cation). Anal. Calcd for B&4H21NzOP: C, 29.92;
H, 7.53; N, 14.95. Found: C, 29.80; H, 7.61; N, 14.84.

[EtOP(NMey)s]BF4, 25(BF4). To a solution of EJOBF, (0.952 g,
5.00 mmol) in 10 mL of CHCN was added &P(NMe,); (0.950 g,
5.30 mmol). The resulting clear solution was stirred¥d atambient
temperature after whicB5(BF,) was obtained as a white solid (1.7 g,
91%) by precipitation with 10 mL of ED followed by washing with
Et,O (2 x 10 mL). Recrystallization from EO/CH;CN (1:1) at—20
°C gave25(BF,) (1.4 g, 75%) as colorless crystal$'P NMR (CDs-
CN): 6 37.58. 'H NMR (CDsCN): 6 1.35 (td, 3H, CHCHs, 33y =
9.6 Hz,%Jpy = 2.0 Hz), 2.73 (d, 18H, NCH 3Jpp = 13.6 Hz), 4.19
(dq, 2H, O‘|20H3, 3\]pH = 10.4 HZ,SJHH = 9.6 HZ). 13C NMR (CD3-
CN): 6 16.24 (d, CHCHa, %Jpc = 7.8 Hz), 37.28 (d, NCk| 2Jpc =
4.5 Hz), 66.81 (dCH,CHs, 2Jpc = 6.3 Hz). MS (FAB)m/zz 208
(cation). Anal. Calcd for gH,3BFsNsOP: C, 32.57; H, 7.86; N, 14.24.
Found: C, 32.51; H, 7.89; N, 14.25.

[CIP(MeNCH ;CH3)sN]J[O,PCl;], 26(O,PCl,). To a solution of4
(23.2 mg, 0.100 mmol) in 0.5 mL of GY&N was added a solution of
OPC} (60.1 mg, 0.400 mmol) in 0.5 mL of GEN. After the resulting
solution was kept at room temperature for 2 h, all volatiles were

obtain consistent elemental analyses of this compound failed owing to removed under vacuum and the residue was washed with ¢y (Bt

its unusual sensitivity to moisture.

[O=P(MeNCH.CH;)sNMe]l, 19(l). To a solution of4 (92.8 mg,
0.400 mmol) in 5 mL of CHCN was added excess Mel (0.170 g, 1.20
mmol). The resulting clear solution was stirred fb h atambient
temperature. Produd9(l) was obtained as a white solid by precipita-
tion with 5 mL of EtO followed by washing with EO (2 x 5 mL).
Recrystallization from CBCN and E$O (1:1) yielded1¥(1) as colorless
crystals (0.12 g, 82%)3'P NMR (CD;CN): 6 20.18. *H NMR (CDs-
CN): 0 2.67 (d, 9H, NCHs, 3Jpn = 7.2 Hz), 2.97-3.25 (M, 6H, Nq
CH; overlapped with BNCH,), 3.19 (s, 3H, NCHs), 3.70 (bdt, 3H,
NeqCHgz, 3Jun = 13.5 Hz), 4.09 (bdt, 3H, NCHa, 3y = 13.5 Hz).1°C
NMR (CDsCN): 6 34.74 (d, N(CHs, 2Jpc = 5.0 Hz), 48.37 (d, Nr
CHy, 2Jpc = 6.6 Hz), 64.24 (s, NCHy), 64.44 (s, N\xCH3). MS (ESI)
m/z. 247 (cation). Anal. Calcd for gH24IN4,OP,: C, 32.10; H, 6.47;
N, 14.97. Found: C, 31.62; H, 6.58; N, 14.86.

x 0.5 mL), giving 26(0,PCkL) as a white solid (25 mg, 65%)3'P
NMR (CDsCN): 6 —20.18 (cation),—8.52 (anion). 'H NMR (CDs-
CN): 6 2.89 (d, 9H, CH, 3Jpy = 15.0 Hz), 3.19 (m, 6H, NCH,),
3.31 (m, 6H, N{CHy). *C NMR (CDsCN): ¢ 39.79 (d, CH, 2Jpc =
5.0 HZ), 46.32 (d, N(CHz, 3JpC: 9.0 HZ), 46.83 (d, Msz, ZJpC =
9.0 Hz). MS (ESI)mVz 251.5 (cation), 134 (anion).

[CIP(MeNCH ,CH3)sN][PCl¢], 26(PClk). To a solution of4 (23.2
mg, 0.100 mmol) in 0.5 mL of CEKCN was added a solution of RCI
(84.1 mg, 0.400 mmol) in 0.5 mL of GJEN. The resulting solution
was kept at OC for 2 h, giving26(PCk) as green yellow crystals (21
mg, 70%) after washing with cold GEBN (2 x 0.5 mL). 3P, *H, and
13C NMR data for the cation are identical to those of catio@(O.-
PCL). MS (ESl)mVz. 251 (cation); 242 (anion).

[CIP(MeNCH ,CH)sN]Cl, 26(Cl). Method A. To a solution ofl
(86.4 mg, 0.400 mmol) in 5 mL of C4N was added a solution of
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C:Clg (97.2 mg, 0.410 mmol) in 3 mL of CN. After the resulting
solution was stirred at room temperature for 2 h, all volatiles were
removed under vacuum and the residue was washed with gy (Bt
x 5 mL), giving 26(Cl) as a white solid in quantitative yield. The
NMR and MS spectral data for the cation are identical to those of the
cation in26(0O.PCL).

Method B. To a solution of4 (92.8 mg, 0.400 mmol) in 5 mL of
CH3CN was added a solution of £30 (52.5 mg, 0.420 mmol) in 3
mL of CHsCN. The resulting solution was stirred at room temperature
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under vacuum to give only starting materials as showd'Byand'H
NMR spectroscopies.

Attempted Reaction of (M&N)s;P=0 with Ph,P(O)CI. To a
solution of (MeN)zP=0 (18.0 mg, 0.100 mmol) in 0.6 mL of GON
was added P#R(O)CI (26.4 mg, 0.110 mmol). The resulting solution
was kept at room temperature for 48 h or at®&@for 24 h and then
evaporated under vacuum to give only starting materials as shown by
3P and'H NMR spectroscopies.

Attempted Reaction of 4 withi-Prl. To a solution o4 (23.2 mg,

for2h. Then all the volatiles was removed in a vacuum and the residue 9 100 mmol) in 0.6 mL of CHCN was added-Prl (13.1 mg, 0.110

was washed with dry ED (2 x 5 mL), giving 26(Cl) as a white solid

in quantitative yield. The NMR and MS spectral data are identical to
those of cation i26(0,PChL). Anal. Calcd for GH:CILN4P: C, 37.64;

H, 7.37; N, 19.51. Found: C, 37.14; H, 7.92; N, 18.79.

O=P(i-PrNCH,CH>)3N, 28. To a solution of27 (0.900 g, 3.00
mmol) in 5 mL of GHs was added excess M&OOSiMeg (1.07 g,
6.00 mmol). The resulting clear solution was stirred at room temper-
ature. After 48 h, all the volatiles were removed under vacuum giving
a yellowish residue which upon recrystallization from £HI/ELO
(1:1 v/v) yielded28 as colorless crystals (0.61 g, 64%jP NMR
(CDsCN): 6 22.71. 'H NMR (CDsCN): ¢ 1.10 (d, 18H, CH(El3),
4Jun = 6.9 Hz), 2.62 (t, 6H, NCHy, 3Jun = 5.4 Hz), 2.89 (dt, 6H,
NeqCHz, 3\]pH =14.1 HZ,S.]HH =54 HZ), 3.64 (m, 3H, G(CH3)2) 13C
NMR (CDsCN): 0 22.55 (d, CHCHa)z, 3Jpc = 2.6 Hz), 43.16 (d, Nr
CHz, ZJPC = 6.3 HZ), 47.97 (d,CH(CHg)z, ZJPC = 3.2 HZ), 54.9 (S,
NaxCHz). HRMS nvz calcd for GsHiaN4OP: 316.23902. Found:
316.23891 (46.1, M). Anal. Calcd for GsH3sN4sOP: C, 56.94; H,
10.51; N, 17.71. Found: C, 56.80; H, 10.75; N, 17.57.

[O=P(i-PrNCH »CH3)sNMel]l, 29(l). To a solution o228 (31.6 mg,
0.100 mmol) in 1 mL of CHCN was added excess Mel (42.6 mg,
0.300 mmol). The resulting clear solution was stirred at room
temperature for 24 h. The produ2®(l) was precipitated as a white
solid (40 mg, 88%) by adding 1 mL of £2 followed by washing with
EtO (2 x 1 mL). 3P NMR (CD;CN): ¢ 20.16. 'H NMR (CDsCN):

0 1.13 and 1.20 (d, 18H, CH{%)2, 3Jun = 6.0 Hz), 3.20 (s, 3H, M-
CHjz), 3.20-3.40 (m, 6H, N\CH: overlapped with N,CH>), 3.60 (m,
3H, CH(CHga)), 3.73 (bdt, 3H, NCH;, 3Jun = 12.0 Hz), 3.91 (t, 3H,
NaxCHz,3Jun = 12.0 Hz). 13C NMR (CD:CN): ¢ 21.58 and 22.20 (s,
CH(CHa)2), 41.41 (d, NCHa, 2Jpc = 5.5 Hz), 48.56 (dCH(CHa)a,
2Jpc = 6.1 Hz), 64.29 (s, NCHs), 67.83 (s, N\CHy). MS (ESI)m/z
331 (cation).

[O=P(i-PrNCH 2CH2)sNEL]l, 30(l). To a solution 028 (31.6 mg,
0.100 mmol) in 1 mL of CHCN was added excess Etl (47.0 mg, 0.300
mmol). The resulting clear solution was stirred at°60for 48 h. The
product30(l) was precipitated as a white solid (41 mg, 87%) by adding
1 mL of EtO followed by washing with EO (2 x 1 mL). 3P NMR
(CDsCN): 6 19.42. 'H NMR (CDsCN): ¢ 1.12 and 1.18 (d, 18H,
CH(CH3)2, 3\]HH =6.9 HZ), 1.32 (t, 3H, CbCH3, 3JHH =72 HZ), 3.20-
3.40 (m, 6H, NKCH: overlapped with N,CH,), 3.42 and 3.57 (s, 2H,
NaxCH2CHg), 3.57 (m, 3H, GI(CHs),), 3.60-3.73 (m, 6H, NCH,
overlapped with BCH,). **C NMR (CD:CN): ¢ 9.59 (s, N\CH,CH3),
21.59 and 22.11 (s, CBH3)2), 41.33 (d, NCHz, 2Jpc = 5.5 Hz), 48.61
(d, CH(CHs)z, 2Jpc = 5.4 Hz), 64.43 (s, NCH,), 71.32 (s, NxCH2-
CHs). MS (ESI)nvVz. 345 (cation). Anal. Calcd for GH3sIN4OP:

C, 43.22; H, 8.11; N, 11.86. Found: C, 43.15; H, 8.28; N, 11.68.

Attempted Reaction of 4 with PrPCI. To a solution of4 (23.2
mg, 0.100 mmol) in 0.6 mL of CECN was added RRCI (25.0 mg,
0.110 mmol). The resulting solution was kept at room temperature
for 48 h or at 60°C for 24 h, and then evaporated under vacuum to
give only starting materials as shown B andH NMR spec-
troscopies.

Attempted Reaction of 4 with PhyPBr. To a solution of4 (23.2
mg, 0.100 mmol) in 0.5 mL of CECN was added a solution of Rh
PBr (46.2 mg, 0.110 mmol) in 0.5 mL of GBN. The resulting
solution was kept at room temperature for 48 h or at60for 24 h

mmol). The resulting solution was kept at room temperature for 48 h
or at 60°C for 24 h, and then it was evaporated under vacuum to give
only starting materials as shown BYP and'H NMR spectroscopies.
Attempted Reaction of 4 with Phl. To a solution of4 (23.2 mg,
0.100 mmol) in 0.6 mL of CKHCN was added Phl (22.4 mg, 0.110
mmol). The resulting solution was kept at room temperature for 72 h
or at 70°C for 24 h, and then it was evaporated under vacuum to give
only starting materials as shown BY and'H NMR spectroscopies.
Attempted Reaction of (M&N)sP=0 with Rl (R = Me, Et, n-Pr,
i-Pr). To a solution of (MeN);P=0 (18.0 mg, 0.100 mmol) in 0.6
mL of CDsCN was added excess Rl (0.110 mmol). The resulting
solution was kept at room temperature for 72 h in all cases and also at
60°C for 24 h for Etl,n-Prl, andi-Prl. 3P and'H NMR spectroscopies
of all the reaction mixtures showed no evidence of reaction.
Reaction of 4 with RsOBF, (R = Me, Et) and HCI. To a solution
of 4 (23.2 mg, 0.100 mmol) in 0.6 mL of GI&N was added 1 equiv
of RsOBF, or HCI. The resulting solution was kept at room temperature
for 30 min, and ther#’P NMR spectra were taken (see Discussion).
General Procedure for NMR Reactions of 4 with Chlorosilanes.
To a solution of4 (23.2 mg, 0.10 mmol) in 0.6 mL of Ci&TN at 0°C
in an NMR tube was added the first portion of chlorosilane. After
shaking the tube and then allowing it to stand at ambient temperature
for 10 min, a®'P NMR spectrum was taken. The same procedure was
followed after adding succeeding portions of chlorosilane. T#e
NMR chemical shifts (ppm) measured for variousJ8i€l:4 ratios in
CDsCN were 22.4,0:1; 14.5, 1:3; 2.3, 2:31.1, 1:1;,—1.9, 2:1;,—-2.0,
4:1; —2.1, 8:1;—2.2, 16:1. The®P NMR chemical shifts (ppm)
measured for various BBICl:4 ratios in CQRCN were 22.4, 0:1; 12.3,
1:1; 7.1, 2:1; 6.7, 3:1; 6.7, 4:1. When the3BICI:4 ratio exceeded
4:1, PhSICl began to precipitate.
VT NMR Study of 4 with Ph3SiCl. To a solution of4 at 0 °C
(23.2 mg, 0.100 mmol) in 0.6 mL of G&N in an NMR tube was
added P§SICI (29.5 mg, 0.100 mmol). After the tube was shaken and
allowed to stand at room temperature for 10 niit, NMR spectra
were taken at various temperatures. Before each measurement, the
NMR tube was kept at a given temperature for 10 min. ¥ReNMR
chemical shifts (ppm) measured for this 1:1 mixture o€l and4
were 12.3, 293 K; 3.8, 273 K+0.6, 263 K;—5.2, 253 K;—9.4, 243
K; —13.2, 233 K;—16.9, 223 K;—20.7, 213 K;—23.9, 203 K.
Crystal Structure Analysis of 6(Cl)-CH3CN. A colorless crystal
of the title compound was mounted on a glass fiber on the Siemens
P4RA for a data collection at 213(2) 1 K. The cell constants for
the data collection were determined from reflections found from & 360
rotation photograph. Thirty five reflections in the range of 13:235
51.390 6 were used to determine precise cell constants. Pertinent data
collection and reduction information is given in the Table 1. Lorentz
and polarization corrections were applied and a nonlinear correction
based on the decay in the standard reflections was applied to the data.
A series of azimuthal reflections was collected for this specimen and
a semiempirical absorption correction was applied to the data. The
space groupP2;/c was chosen based on systematic absences and
intensity statistics. This assumption proved to be correct as determined
by a successful direct-methods solution and subsequent refinement. All
non-hydrogen atoms were placed directly from thenap and were

and then evaporated under vacuum to give only starting materials asrefined with anisotropic displacement parameters. All hydrogens were

shown by3'P and'H NMR spectroscopies.

Attempted Reaction of (MeN)sP=0 with Ph,PCI. To a solution
of (Me;N)sP=0 (18.0 mg, 0.100 mmol) in 0.6 mL of GGN was
added PKPCI (25.0 mg, 0.110 mmol). The resulting solution was kept
at room temperature for 48 h or at 80 for 24 h and then evaporated

treated as riding atoms with individual isotropic displacement param-
eters. Final refinements were then carried8w? A very disordered
solvent molecule of acetonitrile was found in the asymmetric unit. The
terminal carbon was modeled as having a split occupancy. Selected
bond distances and angles are given in Table 2.
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Table 1. Summary of Crystallographic Data fé(Cl)-CH;CN, 26(PCk), and23(Cl)

Liu and Verkade

6(Cl)-CH:CN 26(PCk) 23(Cl)
empirical formula 61H310I3N402P2, C2H3N 013H42C|14N802P4 CeHmNgOPCl
fw 509.94 990.78 215.66
space group P2:/c P1 P2:/n
alhk 7.996(2) 7.584(2) 8.267(2)
b/A 12.850(3) 15.870(3) 11.700(2)
dA 24.906(5) 16.278(3) 12.216(2)
o/deg 90 91.59(3) 90
pBldeg 90.93(3) 90.81(3) 107.63(3)
yideg 90 91.57(3) 90
VIA3 2558.9(10) 1957.4(7) 1126.1(4)
VA 4 2 4
d(calcd)/Mgm™3 1.324 1.681 1.272

radiation ¢/A)
temprC
diffractometer

Cu Ka (1.541 78)
—60

Siemens P4RA

Cu Ku (1.541 78)
-70

Siemens P4RA

Cu Ku (1.541 78)
-70

Siemens P4RA

scan range @/deg 3.55-57.68 2.72-56.74 5.36-56.76

scan method 0—20 w w

abs coeff/mm? 2.745 10.821 4.083

no. of reflens collcd 4457 6387 3191

no. of indep reflcns 3347 4979 1502

R1[l = 20()]2 0.0720 0.0420 0.0441

WR2 [l = 20(1)]2 0.1863 0.2046 0.1104

Table 2. Selected Bond Length (A) and Bond Angles (deg) for CompoB(@l)-CHiCN, 26(PCk), and 23(Cl)
6(Cl)-CHsCN
P(1)-N(1) 1.653(5) P(1)N(4) 1.948(5)
P(1)-N(2) 1.662(4) P(1)0(1) 1.667(4)
P(1)-N(3) 1.647(4) P(2)0(1) 1.581(4)
N(1)—P—N(2) 118.2(2) C(2yN(4)—C(4) 112.7(4)
N(2)—P—N(3) 119.3(2) C(4¥N(1)—C(6) 112.1(4)
N(1)—P—N(3) 120.6(3) C(2yN(1)—C(6) 113.3(4)
26(PCk)
P(1A)-N(1A) 1.641(8) P(1B)N(1B) 1.648(8)
P(1A)-N(2A) 1.662(8) P(1B)-N(2B) 1.665(8)
P(1A)—-N(3A) 1.665(8) P(1B)N(3B) 1.643(8)
P(1A)-N(4A) 1.932(9) P(1B)-N(4B) 1.937(8)
P(1A)—-CI(13) 2.112(4) P(1BYCI(14) 2.105(4)
P(1)-ClI 2.137(4) (av) P(2)Cl 2.147(4) (av)
N(1A)—P(1A)-N(2A) 120.6(5) N(1B)-P(1B)-N(2B) 118.1(4)
N(2A)—P(1A)—N(3A) 119.1(5) N(2B)-P(1B)-N(3B) 120.5(4)
N(1A)—P(1A)-N(3A) 119.1(4) N(1B)-P(1B)-N(3B) 120.2(5)
C(2A)—N(4A)—C(4A) 114.9(9) C(2B)-N(4B)—C(4B) 113.9(8)
C(4A)—N(4A)—C(6A) 112.6(8) C(4B)N(4B)—C(6B) 111.9(8)
C(6A)—N(4A)—C(2A) 112.4(8) C(6B)Y-N(4B)—C(2B) 113.1(9)
23(Cl)

P(1)-N(2) 1.624(2) P(1>0(1) 1.541(2)
P(1)-N(2) 1.613(2) H(1D)}-0(1) 1.00(5)
P(1)-N(3) 1.619(2)
N(1)—P—N(2) 104.95(13) O(BP—-N(1) 107.29(12)
N(2)—P—N(3) 106.67(13) O(LyP—-N(2) 117.48(12)
N(1)—P—N(3) 117.55(13) O(LyP—N(3) 103.52(12)
P—0O(1)-H(1D) 117(3)

Crystal Structure Analysis of 26(PCk). A crystal of26(PCk) was displacement parameters. Final refinements were then carriéd Gut.
mounted on a glass fiber on the Siemens P4RA for a data collection at Selected bond distances and angles are given in Table 2.
203(2) £ 1 K. The cell constants for the data collection were Crystal Structure Analysis of 23(Cl). A Crystal of 23(Cl) was
determined from reflections found from a 36fbtation photograph. mounted on a glass fiber on the Siemens P4RA for a data collection at
Twenty six reflections in the range 25.8444.742 6 were used to 203(2) £ 1 K. The cell constants for the data collection were
determine precise cell constants. Pertinent data collection and reductiondetermined from reflections found from a 36ftation photograph.
information is given in the Table 1. Lorentz and polarization corrections Twenty seven reflections in the range 16.9%7.483 6 were used to
were applied as was a nonlinear correction based on the decay in thedetermine precise cell constants. Pertinent data collection and reduction
standard reflections. A series of azimuthal reflections was collected information is given in the Table 1. Lorentz and polarization corrections
for this specimen and a semiempirical absorption correction was appliedwere applied as was a nonlinear correction based on the decay in the
to the data. The space grolfl was chosen based on systematic standard reflections. A series of azimuthal reflections was collected
absences and intensity statistics. This assumption proved to be correcfor this specimen and a semiempirical absorption correction was applied
as determined by a successful direct methods solution and subsequento the data. The space gro®2:/n was chosen based on systematic
refinement. All non-hydrogen atoms were placed directly fromEhe  absences and intensity statistics. This assumption proved to be correct
map and were refined with anisotropic displacement parameters. All as determined by a successful direct methods solution and subsequent
hydrogens were treated as riding-atoms with individual isotropic refinement. All non-hydrogen atoms were placed directly fromBEhe
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map and were refined with anisotropic displacement parameters. All phosphorus ifl lead to a transannular distance of about 2.0 A
hydrogens were refined with individual isotropic displacement param- gnd31P chemical shifts in the aforementioned range.

eters. The oxygen atom was found to be protonated with the hydrogen .
atom located 1.00 A from the oxygen. Final refinements were then Although G=P(NMe)s, the acyclic analogue of, appears

carried out® 22 Selected bond distances and angles are given in Table {0 b€ to0 weak as a nucleophile to be phosphorylated or silylated,

2. or to be alkylated by alkyl iodides, it does form cati@and
_ 25 when the corresponding carbocation sources of the type
Conclusions [R30]BF, are employed. Bot and G=P(NMey)s; can be
Despite the thermodynamic stability of the=P linkage in protonated on the phosphoryl oxygen, and in the case=sf O

untransannulated, the phosphoryl oxygen in this compound P(NMe)s this protonation site was verified by X-ray crystal-
can be polarized and the=® linkage can be lengthened by lographic analysis of its hydrochloride sa#3(Cl). The
phenyl chlorophosphine oxides, forming isolable compounds preference of oxygen rather than nitrogen as the protonation
such as5(Cl) in which transannulation has occurred to give a site in23(Cl) parallels the same conclusion reached by others
five-coordinate phosphorus geometry. The® bond in4 is based on gas-phase ion cyclotron resonance mass spectroscopy
sufficiently polarized and weakened in the presence of @PCI studies of G=P(NMe&y)3.2*

that it is cleaved formin@6[CI,P(O)O] in which the cation is

also fully transannulated. The sulfur reagent SO@lso Acknowledgment. The authors thank the donors of the
deoxygenated to give cation26. The exocyclic lone pair on  Petroleum Research Fund administered by the American
the pyramidal bridgehead nitrogen #h[average C-Nq—C Chemical Society for grant support of this research.

angle= 119.9(2)] is more nucleophilic than the phosphoryl

oxygen, reacting with alkyl iodides to give catioh8—22 and Supporting Information Available: Tables listing structure de-

29, 30 in which the cage moiety is structurally rigid. On the termination details, atomic coordinates, isotropic and anisotropic
other hand, the phosphoryl oxygen competes for alkylation, disple_lcement parameters, bond lengths, and bond angles ano_l figures
forming transannulated catioris’ and 18 when carbocation showing structures &(Cl), 26(PCk), and23(Cl) (57 pages). Ordering
sources of the type JO]BF, are employed. It appears that a information is given on any current masthead page.

reliable indicator of transannulation in these phosphatranes isIC9714652

their chemical shift which ranges from call to —41 ppm.

This _conclu3|on is substantiated by the observation that the (24) Bollinger, J. C.; Houriet, R.; Yvernault, Phosphorus Sulfut984
substituents H, PP(O)O", and Ci when attached to the 19, 379.




