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Structural Studies on the Phosphorus—Nitrogen Bond.
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The structures of the title compounds
[O(CH,CH,),N];P, I, and [CH,(CH,CH,),N],P,
I, have been determined by X-ray diffraction techni-

ues. | is triclinic, space group P1, with a=_8.734(3)

, b=9.29912) A, ¢=11.3573) A; «=7391(2)°,
$=283.29(2)° and y=117.88(2)°, Z=2. II is mono-
clinic, space group P2,/c, with (at —150 °C)
a=8931(4) A, b=23.507(6) A, c=15.428(4) A and
p=90.44(3)°, Z=8. Full-matrix least-squares refine-
ment led to a final R-value of 0.062 for 2056
reflections for I, and 0.072 for 5218 reflections
for II.

The two compounds exhibit several similar
structural features: (i) Two small NPN bond angles
of 98° and one large of 110°; (ii) two short P—N
bonds between 1.69 and 1.70 A while the third is
longer, 1.726 A ; (iii) one of the nitrogen atoms, the
one linked through the long bond to the phosphorus
atom, is essentially sp> hybridized and its lone pair
is anti to the phosphorus lone pair; (iv) the
remaining two nitrogen atoms are mainly sp’
hybridized and their lone pairs are roughly normal
to the phosphorus lone pair and also to each other.
The main difference between the two molecules is
that in I two of the morpholino groups are twisted
in opposite directions whereas in II two piperidino
groups are twisted in the same direction.

A correlation between the sums of the bond
angles around the nitrogen atoms and the corre-
sponding P— N bond lengths has been observed.

In recent years there has been a controversy with
regard to the structure of tris(dialkylamino)phos-
phines, (R,N);P.!”* The main subject for the
dispute has been the direction of the nitrogen lone
pairs relative to that of the phosphorus lone pair
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and whether these compounds possess local C;, or
C, symmetry (for a detailed review, cf. Ref. 5).
Some of the possible models suggested so far are
shown in Fig. 1. Several other models are just as
conceivable, e.g. those having the nitrogen lone pairs
skew to the phosphorus lone pair in a propeller-like
arrangement.* It should be emphasized, however,
that the structural models considered for this class
of tervalent phosphorus compounds are based
upon the assumption that the nitrogen atoms are
sp? hybridized. An X-ray study of difluorodimethyl-
aminophosphine, Me,NPF,,® has revealed that the
nitrogen atom and its neighbours are coplanar.
Similar conclusions have been arrived at from
electron diffraction studies of tris(dimethylamino)-
phosphine, (Me,N);P,” and from microwave studies
of related compounds.®-°

Recently, from studies of tris(dialkylamino)-
phosphines by photoelectron spectroscopy, the
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Fig. 1. Models suggested for the lone pair directions
in tris(dialkylamino)phosphines.
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accuracy and thus the structural conclusions from
the electron-diffraction experiments have been
seriously critisized.!**'> Furthermore, the occurrence
of nitrogen atoms with coplanar bonds may not be
as general as has been believed; Me,NPF,, for
example, does not have a planar nitrogen con-
figuration in the gas phase.'® It is also difficult to
understand how tris(dialkylamino)phosphines can
act as powerful nitrogen nucleophiles toward a
number of substrates ! !*!? when the nitrogen atoms
have a planar structure.

Finally, the problem with regard to the bond
order of the phosphorus-nitrogen bond arises.'?
Two opposing views have been forwarded as to the
direction of the charge transfer in this type of bond;
the py — dp transfer mechanism has been preferred
by some authors,'*~ !7 whereas others find evidence
for the reverse transfer without the use of d-orbitals,
that is, electron transfer from the phosphorus atom
to the more electronegative nitrogen atom.!8 23

In an attempt to solve some of the many problems
with regard to both structure and bonding in
aminophosphines and related compounds we have
started a structural investigation of this class of
compounds. In the present paper the X-ray crystal
structure determinations of tris(morpholino)phos-
phine, I, and tris(piperidino)phosphine, II, are
reported. Since the steric demands of the sub-
stituents in the two compounds would be expected
to be comparable to those of other dialkylamino
groups, the structures of I and II may be typical for

(&)

the structure of (R,N);P (R=Me, Et, Pr etc.). The
latter compounds are not readily attacked by X-ray
methods since they are liquids, even at low tempera-
tures, whereas I and II both are crystalline at room
temperatures and stable provided atmospheric
moisture is excluded.

EXPERIMENTAL

Materials. Tris(morpholino)phosphine, I, was
prepared from phosphorus trichloride and mor-
pholine as previously described.?* The product was

repeatedly crystallized from toluene to remove
traces of morpholine hydrochloride. Suitable crys-
tals were grown from acetonitrile; the specimen used
for the X-ray experiments was cut to approximate
dimensions 0.3x0.3x0.1 mm. Tris(piperidino)-
phosphine, II, was made in a similar way but in
diethyl ether as solvent. After filtration and removal
of the solvent the oily product was dissolved in a
large volume of diethyl ether and kept for several
days at —20 °C to allow traces of piperidine
hydrochloride to precipitate. A crystalline product
separated from a fairly concentrated etheral solution
at dry ice temperature. Crystals suitable for the
X-ray study were obtained by sublimation; the
specimen used had approximate dimensions
0.2x0.2x0.2 mm.

X-Ray data. Data for the measurements of cell
dimensions and intensity data were obtained on a
SYNTEX P1 diffractometer at 18+1 °C (I) and
—150 °C (II), respectively, using graphite crystal
monochromated MoKa radiation (A=0.71069 A).
Cell parameters were determined by a least-squares
fit to the diffractometer settings for 15 general
reflections with 20° <20 <30°. Intensities were col-
lected with the 6—20 scan technique, scan speed
4 ° min~! for compound I and 3—6 ° min~' de-
pending on the peak intensity for compound II,
scan width +1.2° (I) and +0.6° (II), up to a sin 6/4
value of 0.60 A~! for I and 0.70 A~' for IIL
Background counts were taken for 0.35 times the
scan time at each of the scan limits. Three standard
reflections were measured at regular intervals during
the data collection; variations less than 2.5 9, were
observed for I, whereas a decrease of 15 9 in the
intensity of the standard reflections was observed
for II; the intensities were adjusted according to
this drift. Out of the 2639 unique reflections
recorded from I, 2056 with I > 2.50(I) were retained
for the structure analysis; the corresponding num-
bers for II were 6203 and 5218. The standard
deviations for the intensities were calculated by
o(I)=[C;+(0.03Cy)*]}, where C; is the total
number of counts and Cy is the scan count minus
background count. The intensities were corrected
for Lorentz and polarization effects but not for
absorption.

Description of the computer programs applied
for the structure analyses is given in Ref. 25. In the
full-matrix least-squares program the quantity
minimized was ZwAF? where w is the inverse of the
variance of the observed structure factors; for reflec-
tions with sin §/4<0.45 A~! w was multiplied with
a function of sin 6/4 to give less weight to low-order
reflections. Atomic form factors were those of
Doyle and Turner?® for P, O, N and C and of
Stewart, Davidson and Simpson 27 for H.
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CRYSTAL DATA

I. Tris(morpholino)phosphine, C,,H,,O;N;P,
m.p. 157 °C. Triclinic, a=8.734(3) A; b=9.299(2) A ;
c=11357(3) A; a=7391(2)°; B=83.29(2)°; y=
117.88(2)°; V=749.6 A3; (t=18+1 °C); M =289.31;
Z=2; F (000)=312; u(MoKw)=22 cm™!; D,
(flotation)=1.27 gcm~3; D, =1.282 g cm ™ 3. Space
group P1 (No. 2).

II. Tris(piperidino)phosphine, C,sH;,N;P, m.p.
37 °C. Monoclinic, a=8.931(4) A; b=23.507(6) A:
c=15428(4) A; p=9044(3)°; V=32388 A3;
(t=—150 °C); M =283.40; Z=8; F (000)=1248;
u(MoKa)=1.0 cm™'; D,=1.162 g cm™3. Absent
reflections: (hOl) for I odd, (0kO) for k odd. Space
group P2,/c (No. 14).

STRUCTURE DETERMINATIONS

The structure of tris(morpholino)phosphine was
determined from Patterson functions; that of tris-
(piperidino)phosphine (with two molecules per
asymmetric unit) was solved by the use of the
program assembly MULTAN.?® All positions of
the heavy atoms were found after some cycles of
successive Fourier syntheses. The refinement pro-
ceeded by least-squares methods, initially with iso-
tropic temperature factors, subsequently with an-
isotropic temperature factors for the heavy atoms.
Hydrogen positions were calculated from stereo-
chemical considerations and refined; they were
assigned isotropic temperature factors which were
refined with the constraint that all hydrogen atoms
with about the same distance from the central
phosphorus atom were to have the same B-value.
The refinements converged to conventional R-
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factors of 0.063 (I) and 0.072 (II); the R ,-values were
0.069 (I) and 0.092 (IT) and the standard deviation
of an observation of unit weight, [ZwAF?/(m—n)]?,
was 2.1 (I) and 2.5 (II), respectively. The overdeter-
mination ratios were 8.4 (I) and 9.9 (II).

The two molecules in the asymmetric unit of II
are nearly related by a pseudo screw axis along the
a-axis close to y =1, z=1. No correlation larger than
0.5 was found between positional parameters, how-
ever. The geometry of the two molecules is nearly
identical, there are no significant differences in
bond lengths and angles nor in P—N torsional
angles.

Final atomic parameters are listed in Table 1.
Tables of observed and calculated structure factors
with standard deviations are available from the
authors.

ORTEP drawings of molecule I and one of the
molecules II are shown in Fig. 2, where the
numbering of the atoms is also indicated.

RESULTS

In Table 2 bond lengths, bond angles, torsional
angles and other structural data are given. Estimated
standard deviations are calculated from the vari-
ance-coveriance matrix. In Fig. 3 are shown the
Newman projections of the P—N bonds. As the
nitrogen bonds are nearly coplanar for some of the
nitrogen atoms, the definition of the torsional angle
about the P—N bond given by Holywell ° cannot
be applied. According to the IUPAC recommenda-
tions2° the lone pair directions on the phosphorus
and nitrogen atoms decide the description of the
conformation. In the present case where neither of
the atoms exhibit three-fold symmetry, these direc-

Ila

Fig. 2. ORTEP drawings of tris(morpholino)phosphine (I) and tris(piperidino)phosphine (Ila). The atoms
of the piperidino substituents of the second molecule of II (IIb) have first index by 3 larger.
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Table 1. Fractional atomic coordinates and thermal parameters with estimated standard deviations for
tris(morpholino)phosphine (I) and tris(piperidino)phosphine. The anisotropic temperature factor is given
by exp—2nX(U,,a**h* + ...+ 2U  ,a*b*hk + ...).

I
ATOM X Y 4 (191 va2 u33 via ul13 Va3
P L3703¢ 1) 12520 1) J1E35¢ 1) 403351 5)  40393( S5)  ,0536( 5) 40137 ( 4) =006kl 4} =.C131( @&
01 «7319¢ 3) 0301 ¢ @) 311610 &) L0650 (15)  40853(20) «1469(28) +0392(15) =.041G(17) =+0921(20)
N2 «2861¢( &) 7780 3 $32290 ) J0696(17) L0S60(15) ,0768(16) 40376(13) =40056(1%) =.0194(13)
03 ~e1570¢ 3) ~e3953¢t ) 228480 3)  .0643(14) <0608(16) .1040(24) +0099(12) =.0278(15) «.d326(16)
N} Wh96BLt 2) «0718¢ ) 20450 3)  L0260(13) 40391(14) 40778(20) L0110(11) =,0152(13) =.0c63(13)
N2 03209 ( &) «2525( ) v2236( 3)  L04B0(16) .0466(15) 40612(18) ,0253(13) ~40112(13) «40137(1 N
N3 «1807¢ ) =-e0776¢ 2 «2077( 3)  0333(13) .0667(15) ,0539(16) +0127(12) =40156(12) =+0151(12)
cul 52571 ) = 0617( 5 (22320 &) 40433(20) .0557(21) L0611¢30) .0250(18) «e0370(21)
c12 «£142¢ 5) -.1150¢ 6) $IIT6L 51 40526(22) «0061(26) 41250(40) #036%(201 =e 0656 (26)
c1l +7529¢ 5) +1605( 6} 3295( S)  L0409(21) L0783(28) ,1170¢33) LJ275(21) -e03538(27)
Clé «66951 «) .2218¢ S) 023420 &) ,033B(18) .0468(20) .0993(32) .0103(16) «e0339¢21)
c21 «2813¢ 5) +3658¢ S) 015601 &) ,0537(22) .0565(2)) ,0679(25) <0318(18) «.0145(18) =-+0154(18)
ca2 03461 ¢ Z) oBlnbt 5 «1888( 4) .0757(23) +0525(22) ,07646(28) +0368:{22) =.0063(22) =.0132(19)
c23 .351C¢ 3) 37250 S) «3IB7BL &) (045 (21) .0581(21) .0711(25) 40272(18) =.0096(18) ~.02649(19)
C24 $2326( 5) +2032( S5) 236100 3)  J0S37(22) J04B3(19) +0592(22) +0271(17) =.0085(17) =.dl4s(l6)
c3l 0829t 3) L1869 &) 3631 3)  L0389(18) +0493¢(19) ,0581(21) o0135(15) =.0126(16) =e0i71(16)
€32 - 0061 £ ~.3762( S) 3591 ( &) J043I5(1I)  L04SLL1I9Y  L0T774(27) L0165(16) =.9115(18) =.0157(18)
€35 =.06370 7)) ~.2929( 6) «1538( S)  L0673(27) .0848(31) ,1005(36) ,0293(25) =.0499(28) ~-.0501(28)
[+ 13 +0831¢ 5) ~el0l6( ) 1308( &) .0541(22) 0705(25) +0848(25) ,0308(23) =.0276(1Y) =-.0224(20)
AYOM X Y b4 B ATOM X Y b4 8
Wil «£55¢ 6) =el19¢ 5) 01340 &) “.8( 2) Nil2 oble( 6) ~e167( &) 0229( &) “eB
H12i .638( 6) =.201¢ 6) «299( &) S.6( 3) Al2 oSl2¢ ¢ “.176( 6) i0( &7 546
H131 «B73( 6) «239( 6) «2250 5 Se6 132 671( 7, 1160 6) %170 5) 5.6
Hlel JTT( ) 2700 5) J145( 4) 4.8 H162 «649( S) +310( S) 256 4) 4.9
w21l esd0t 6 «285( 5) <1300 &) 4.8 H2l2 «329¢ 6) W01 S) «051¢ @) be8
mz2l «3I5¢ 6) «599¢ &) «156( 6) 5.6 H222 479( ) +590¢ &) «157( @) 3.6
H232 P b KR 3] o770 5) 5.8 n232 4890 7, bl ©) «360( &) 3.6
H2el 1030 6) «393( ) 4.3 H262 3241 6 162 6) «400( &) 4.8
WL «01C¢( 6} «3781( &) 4.8 H312 1670 &) ~el74( 5) «395¢ &) “.8
ni2i r.102¢ &) b46( S) S.6 n322 0065( &) -ok2l( 6) 0336( &) S.t
®331 v 165( 7) «106( &) Se6 n332 «023¢ &) =e333¢( 6) 01200 @ 5.6
H36l T.024( 6) -, 0B6( S) o157 @ 4.8 H362 «113¢ 6) -e042( &) «069¢ S) 48

II
ATOM X Y 14 unt vee U3 ul2 vl va3
L4} 9179¢ 1) +1082¢ 0} 20402¢ 1) .0296( 6) 40194( S)  .0131¢ 5) =.0016¢ S) ,0027( &) -,0011¢ &)
2 62250 1) «3932¢ 0) 21570 1) 402670 6) 202000 5}  40132( S)  .0012( S)  ,0012¢ 4) =-.0003¢ &)
N1 1.1112( &) «1067¢ 1) $0387(C 2)  ,0274(19)  .0179(16) +0161(15) =.0012(16) ,0064(13) ,0060(13)
N2 «0915¢ &) 0150 1) 16560 2)  40296(20)  <0263(19)  .016T(15) =.0072(16} .0036(16) -.0003(13)
H3 «89801( &) «1790¢ 1) 0271¢ 2)  .0212119)  <020S(1M)  .01R0(16) =.0026(15) =.0023(14) =.0012(13)
NG 61550 &) WD $2166( 2)  L0268¢18)  .9192(16) ,0139(15) -.0018(16) ,0005(13) .0009(13)
NS +3933C &) «4092¢ 1) 11020 2)  40293(20)  <0256(19) .0121(15) .0102(16) ,0031(14) +0006113)
N6 Ol6C 3D 422360 2)  .0208(18)  .0207(18)  40167(¢16) <0015(15) 40051(13) ~.0003(13)

crl 1174661 3) f0615¢ 30 .0353125)  L0183(22)  .0297¢21) +0231(20)  L0116(18) .0034cl))
cie 1.3397¢ 35) L0792¢ 3)  .0340026) +02511(22) .0291(22) +0059(20) ,0053(19) ,0061¢17)
c13 1.62220 5) L0017¢ 31 .0291(24) 4029242%) 40314(22) +0020(20) .0024(13) -.0021(i8)
Cle 1.3502¢ 5) “e02598 2)  .0325(25) 40263(23) .0232(21) +0015(20) ,0062(13) «0046(17)
s 1.1831¢ 3) ~o06041 2) ,0282(26) 40292123) .0129(19) -.0006(20) .0043(17) .0038(16)
czl +7827¢ 5) J1706( 2)  L0296(25) +0170€(20) .0195(20) =40029{19) ,0017(18) ,0003(16)
c22 6753 53 22385( 3)  .0293(26) 0237(25) ,2278(23) =.0016(21) .0074(20) ,0016(19)
c2) +7592¢ 5) «3156( 3)  .0361(28) 403651300 40224(21) =-.0060(23) ,0130(20) ~=+0035¢(19)
c26 8759t 5) L2854( 2)  .0291(25) 0264(23) ,0182(19) =.0062(20) .0040(17) ~.0008(16)
cas +9783( &) 22188( 2)  ,0232(22) +0266(22) 40138(17) =,0024(19) .0011(13) 400S1(l6)
3 JT463( &) JO0113( 2)  .A250(23) 40258(22) +0189(19) +00G2(18) ,0016(17) -.0006(16)
c32 73960 3) =e0376( 2)  ,0297(26) ,0299(25) ,+0202(21) +0031(19) -.0017(18) ,0025¢(17)
c33 «B295¢ S) L0101¢ 2)  ,0422(26) «0207(22) +0150(19) .0037(20) ,0018(17) .0032(16)
[ox L] +9380¢ 5) 202670 2)  ,0312(25) +0206(21) .0220(19) =.0022(19) .0027(18) .0014(16)
€35 .9855( S} «0755( 2)  L0287(24) ,0202(21) ,0168(20) =.0021(18) =.,0032(17) -,0027(16)
cal «6790( S) 219670 2) L0301 0231 202406 ~.0036 -.0007 «0002
Ca2 +84650( 5) 17550 3) L0361 «0209 0282 -.0072 «0037

Ced +9291¢ 5) 25330 3) L0245 +030S 0279 ~e 0042 <0011

Cob «2809¢ 2) .0287 «0258 «0231 =-.0026 ~0022

c4S 29671 2) ,0283 <0285 <0183 ~+00S0 ~.0005

csl «08541 2) 40319 0177 0226 «0047 «0009

cse «0167¢ 3)  .0319 «0312 «0293 «0059 =s0022

cs3 . -.0612( 3) L0378 «0438 «0216 #9076 -.0071

€S54 +3753¢( 5) =.0323¢C 2) L0219 0282 «0166 «0046 +0016

€S5S 67920 ) +0360¢( 2)  ,0251 <0271 +0133 0067 + 0056

(3} J26T81 &) $2655¢ 2) L0227 0274 0171 +0010 -.0028

c62 26260 5) +2936( 3)  .0306 «0306 0211 ~+0083 20052

€6l «3304¢C 5) 026530 2)  .0352 «0231 «0165 =e0036 -.0006

(o 19 +6387( 5) 222890 2)  .0341 «0197 0197 «0006 «0032

c65 <4857 S) +1804( 2}  .0274 0212 +0208 «0009 «0062
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Table 1. Continued.

ATOM X \ 4 4 8
H111 1.156 021 0106 1.6
H121 1,372 012 093 2.2
H131 1,415 0051 0064 1.7
H141 1,408 o154 -.078 2.2
“151 1.175 4098 -.088 1.6
H211 .832 «013 +185 1.6
He2l 0602 000 «26]) 2,2
H231 .Bl6 «067 «350 1.7
H261 962 155 332 2.2
H251 1,032 «086 o264 1.6
311 686 206 «066 1.6
H32l «636 269 =047 2.2
H331 « 773 308 072 1.7
H341 1,047 312 060 2.2
H3S1 «935 «230 .131 1.6
M6ll «666 478 202 1.6
Ha2l .887 482 162 2.2
He31 920 LY «304 1.7
Haa4l 936 «J50 «334 2.2
vaS1 +682 «403 o307 1.6
HS11 363 87 +056 1.6
521 o111 oG04 ~s 006 242
HE3) +315 b0 =096 1.7
Hsel +018 «350 ~e 082 2.2
H5S1 531 h24 «00d 1.6
HhL1 o192 «301 T 1.6
Heal o136 o235 »203 2.2
531 « 266 197 196 1.7
1p61 .537 .10 «19) 2.2
651 o33 213 o119 1.6

tions are not precisely defined. We have chosen to
define the torsional angle as the angle between the
lines bisecting the larger of the angles between the
projection along the P—N bond of the other
P—N bonds and the N—C bonds. The lines thus
defining the torsional angles are indicated with
broken lines in Fig. 3. It may be noted, however,
that the directions thus defined for the phosphorus
lone pair direction do not necessarily coincide
exactly for the three P—N torsional angles of one
molecule.

| c21 |
: c1e ' €34 !
le:f:j:;z::
‘\ @ B
\
N3 \ N2 N1 N3 N2 N1
Cc24 c31
1

! c2 | ] C31
cr ! c1s I 1
o) o
N2 N3 N3 N n N2
c25 c35
11

Fig. 3. Newman projections along the P—N bonds
in tris(morpholino)phosphine (I) and tris(piperidino-
phosphine (II).
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ATOM X Y z 8
H112 1.111 +036 «109 1.6
dl22 1.356 +082 «130 2.2
H132 1.531 +084 «011 1.7
H142 1.366 .168 «020 2.2
4152 1.139 o167 =¢056 1.6
H212 o725 036 o127 1.6
H222 614 +098 218 2.2
H232 +68S o116 #355 1.7
H242 +830 o175 «263 2.2
H252 1.05¢4 +138 €202 1.6
H3l2 <202 «168 =.021 1.6
1322 «783 «252 - 095 2.2
H332 837 «332 -e023 le7
H362 1.052 276 -.029 2,2
H352 1.092 «209 #0982 1.6
H4l2 621 YT o167 1.6
H622 856 418 o127 2.2
H432 1.039 16 +263 1.7
H462 +865 «333 W231 2.2
H452 «645 »335 «307 1.6
HS12 226 aze 135 1.6
H522 «122 2402 $ 045 2.2
H532 .180 390 -.103 1.7
H542 326 0328 005 242
H552 568 4360 o063 1.6
HAL2 .191 +331 219 1.6
"622 «291 «250 «351 2.2
H632 321 o165 o281 lo7
H642 «546 228 «282 2.2
H652 +538 291 o167 1.6

Several features in the two structures are similar:
Both molecules have two short P—N bonds
(1.69—1.70 A); the third P—N bond being signif-
icantly longer (1.726 A). The nitrogen atoms
involved in the long P—N bond are essentially sp*
hybridized and the lone pair of this nitrogen atom
in both compounds is anti to the phosphorus lone
pair. The remaining nitrogen atoms are mainly sp?
hybridized and their lone pairs are partly orthogonal
to that of the phosphorus atom. Two of the
N—-P—N angles are about 98° while the third
N—P—N angle in both I and II (between bonds to
sp? hybridized nitrogen atoms) is about 110°. The
sum of the N—P—N bond angles in I and II are
306.6 and 305.0°, respectively.

The significant differences in the two structures
are as follows: In II, one of the nitrogen atoms is
sp? hybridized, whereas in I all three nitrogen atoms
have some sp® character. Furthermore, in I, the
two morpholino groups linked through short bonds
to the phosphorus atom are twisted in opposite
directions (torsional angles of opposite signs), while
in II the corresponding piperidino groups are
twisted in the same direction.

The morpholino and piperidino parts of the
molecule are both in the expected chair confor-
mation. The hybridization of the nitrogen atoms
influences slightly the bond angles and bond
lengths in these group (cf. Table 3). All N—P bond
directions correspond approximately to that of an
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Table 2. Structural data for tris(morpholino)phosphine (I) and the two crystallographically non-
equivalent molecules (a and b) of tris(piperidino)phosphine (II).

Bond lengths (A)

I Ila 1Ib

P N1 1.726(3) Pl N1 1.727(3) P2 N4 1.724(3)

P N2 1.691(3) Pl N2 1.692(3) P2 N5 1.689(3)

P N3 1.696(3) Pl N3 1.705(3) P2 N6 1.708(3)

N1 cl11 1.467(4) N1 cl1 1.476(5) N4 c41 1.472(5)

Cll  cl2 1.493(6) cll  cl2 1.504(7) c4l  c42 1.521(6)

cl2 ol 1.431(5) cl2 c13 1.530(6) c42  C43 1.533(6)

ol c13 1.410(5) cl13  Cl4 1.527(5) c43  c44 1.532(6)

Cc13  cCl4 1.503(6) cl4 cC15 1.519(6) c44  c45 1.526(6)

Cl4 N1 1.472(4) Cl5 N1 1.476(4) c45 N4 1.488(5)

N2 c21 1.468(5) N2 c21 1.456(5) NS csl 1.457(5)

c21  c22 1.498(6) c2l  c22 1.526(5) c51 €52 1.523(6)

c22 o2 1.416(5) c22 C23 1.526(6) c52 €53 1.538(6)

02 c23 1.429(5) c23  c24 1.526(6) c53  C54 1.519(6)

c23  Cc24 1.495(5) c24  c25 1.523(5) c54 €55 1.526(6)

c24 N2 1.458(5) c25 N2 1.457(5) C55 N5 1.464(4)

N3 c31 1.464(5) N3 c31 1.461(5) N6 c61 1.459(5)

c31  c32 1.508(5) c31 €32 1.522(6) c6l  C62 1.519(6)

c32 03 1.419(5) Cc32 (33 1.524(6) c62  C63 1.528(6)

o3 c33 1.414(6) Cc33  C34 1.520(6) Cc63  C64 1.517(6)

€33  C34 1.503(6) C34 35 1.537(5) Cc64  C65 1.534(5)

Cc34 N3 1.455(5) C35 N3 1.467(5) C65 N6 1.469(5)

o
Bond angles ()
1 Ila 1Ib

N1 P N2 98.0 (1) N1 Pl N2 98.9(2) N4 P2 NS 98.8(2)
N2 P N3 110.7(1) N2 Pl N3 109.2(2) NS P2 N6 108.9(2)
N3 P N1 97.9(1) N3 Pl N1 97.0(2) N6 P2 N4 97.0(2)
P N1 cl1 114.4(2) Pl N1 cl1 113.3(3) P2 N4 c4l 113.4(3)
P N1 cl4 115.0(2) Pl N1 c15 116:4(3) P2 N4 c45 115.7(2)
P N2 c21 116.7(2) Pl N2 c21 121.0(3) P2 NS cs51 120.5(2)
P N2 c24 125.9(2) Pl N2 c25 126.0(3) P2 N5 css 126.6(3)
P N3 c31 124.3(2) Pl N3 c31 114.6(3) P2 N6 c6l 114.5(3)
P N3 c34 115.6(2) Pl N3 c35 123.7(3) P2 N6 C65 123.5(2)
N1 cl1 Cl2 110.2(3) N1 Cll Cl2 110.7(3) N4 c4l c42 110.1(3)
cl1l1 c12 ol 112.7(4) cl1  cl2 c13 111.3(3) c4l1  Cc42 cCc43 110.8(3)
€12 o1 c13 109.4(3) cl2 €13 Cl4 110.5(3) c42 Cc43  Cc44 110.1(3)
o1 c13  cl4 112.8(4) c13 cl4 Cl15 110.3(3) c43 Cc-4 C45 110.6(3)
Cl3 Cl4 N1 109.6(3) Cl4 Cl5 N1 110.7(3) c44 Cc45 N4 109.7(3)
Cl4 N1 c11 108.2(3) Cl5 N1 cll 109.9(3) c45 N4 c41l 109.8(3)
N2 c21. c22 109.8(3) N2 c21  c22 111.0(3) N5 c51 €S2 111.3(3)
c2l €22 02 111.9(3) c21 c22 c23 111.7(3) €51 €52 C53 111.0(3)
c22 02 c23 109.7(3) c22 c23 ca4 110.9(3) €52 €53 C54 111.2(3)
02 c23  c24 110.9(3) c23 Cc24 C25 110.0(3) €53 €54 C55 110.1(3)
C23 C24 N2 109.7(3) c24 €25 N2 110.6(3) c54 €55 N5 110.7(3)
c24 N2 c21 110.6(3) c25 N2 c21 112.9(3) Cc55 N5 cs1 112.5(3)
N3 c31  ¢32 109.8(3) N3 c31  c32 111.7(3) N6 c61  C62 111.8(3)
C13 €32 03 111.0(3) c31 c32 C33 110.9(3) c61 C62 C63 110.9(3)
Cc32 03 C33 110.0(3) C32 C33 C34 109.8(3) Cc62 C63 c64 109.9(3)
03 c33  C34 111.5(4) c33 €34 C35 110.5(3) C63 C64  C65 110.3(3)
C33 €34 N3 109.8(3) Cc34 €35 N3 110.6(3) C64 C65 N6 110.6 (3)
C34 N3 c31 110.6(3) c35 N3 c31 112.1(3) C65 N6 c6l 111.9(3)

Torsional angles )

I I1 (average for a and b)
N2 F N1 Cl1 171.9(2) N2 Pl N1 Cll 61.5(3)
N2 P N1 Cl4 -61.9(3) N2 Pl N1 Ccl15 -170.0(3)
N3 P N1 Cl1 59.5(3) N3 Pl N1 Cll 172.1(2)
N3 P N1 Cl4 -174.3(3) N3 Pl N1 C1l5 -59.4(3)
Nl P N2 C21 164.3(2) Nl P1L N2 c21 132.6(3)
N1 P N2 c24 -47.6(3) N1 Pl N2 c25 40.6(3)
N3 P N2 c21 -94.2(3) N3 Pl N2 c21 126.7(3)
N3 P N2 Cc24 54.0(3) N3 Pl N2 c25 -60.0(3)
N1 P N3 C3l 52.2(3) N1 Pl N3 c31 171.1(2)
N1 P N3 C34 -164.8(3) N1 Pl N3 Cc35 -46.1(3)
N2 P N3 C31 -49.5(3) N2 Pl N3 Cc31 -87.1(3)
N2 P N3 C34 93.6(3) N2 Pl N3 C35 55.8(3)
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Table 2. Continued.

Various derived and averaged data

Nx N1
N-C (A) 1.470
Cc-C (A) 1.498
C-0 (A) 1.421
Deviation of Nx

from plane PCC (A) ° 0.43
Sum of N bond angles (") 337.6
Torsional angle °

Lone pair (P)-P-N-Lone pair(N) () 170.6

C-H (A) °
Sum of P bond angles ()
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I II (average for a and b)
N2 N3 N1 N2 N3
1.463 1.460 1.478 1.459 1.464
1.497 1.505 1.524 1.526 1.526
1.423 1.417
0.23 0.27 0.42 0.05 0.29
353.2 350.5 339.3 359.8 350.1
-70.9 73.2 -178.9 -96.3 -66.6
0.99(6) 1.00(5)
306.6 305.0

Short intramolecular distances (A)

I

P H1lll (a) 2.87
P H11l2 (e) 2.82
P H141 (a}) 2.89
P H142 (e) 2.83
P H212 (e) 2.69
P H312 (e) 2.90
)4 H341 (a) 3.03
P H342 (e) 2.69
N1 H242 (e) 2.59
N1 H312 (e) 2.63
N2 H142 (e) 2.57
N3 H112 (e) 2.54
H241(a) H3ll(a) 2.38

equatorial bond of the morpholine and piperidine
rings.

In both I and II the packing of the molecules in
the crystals is of normal van der Waals’ type, the
contacts being mainly between hydrogen atoms.

DISCUSSION

Conformational considerations. Recent NMR
studies of acyclic amino phosphines of the general
type X,PNR, (X=F and Cl) and related substances
have revealed that the synclinal (gauche) confor-
mation is the best representation of the ground
state geometry, regardless whether the nitrogen
atom is sp? or sp? hybridized.3° The preference for
this conformation is generally thought to be due to
the lone pair repulsion which is at its minimum in
the synclinal conformation. This orthogonality of
lone-pair electrons appears to be quite general and
is apparent in compounds with S—S.3! N—N,32
N-S§,33 and O —O3* bonds. For a detailed discus-
sion of the “gauche” effect, cf. Ref. 35.

However, when the phosphorus atom is bonded
to three atoms, each with a lone pair as in tris-
(dialkylamino) phosphines, the situation is more
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I1 (average for a and b)

Pl H11l (a) 2.98
Pl H112 (e) 2.65
Pl H151 (a) 3.07
Pl H152 (e) 2.82
Pl H212 (e) 2.83
Pl H252 (e) 2.80
Pl H312 (e) 2.64
Pl H352 (e) 2.92
N1 H252 (e) 2.62
N1l H352 (e} 2.54
N2 H112 (e) 2.45
N3 H152 (e) 2.52

complex. Cowley et al.! have argued convincingly
in favour of a conformation where only two nitrogen
lone pairs are orthogonal to the phosphorus lone
pair. The results from the present study, however,
suggest that the steric demands of the substituents
linked to the nitrogen atoms must be taken into
account when the conformation of tris(dialkyl-
amino)phosphines is to be considered. Evidently, a
complex interplay of effects due to lone pair repul-
sions, phosphorus-nitrogen bond lengths, hy-
bridization of nitrogen atoms, bond angles around
the phosphorus atom and the spatial requirements
of the substituents determine the geometry.

For the discussion of the lone pair directions the
same difficulty arises as when defining the torsional
angles. We take as the direction of the lone pair on
a trivalent atom that of the normal to the plane
through three points in unit distance from the atom
along the bonds. In Table 3 are listed angles between
such directions in the present molecules.

In both I and II, two of the nitrogen lone pairs are
partly orthogonal to the phosphorus lone pair in
agreement with the suggestion by Cowley.! The
third lone pair is nearly antiparallel to that of the
phosphorus atom, all nitrogen lone pairs are thus



696 Romming and Songstad

Table 3. Angles (°) between lone pair directions of
the P and N atoms of I and the two molecules (a
and b) of II (for definition, see text).

Atoms Molecule I Molecule Ila  Molecule I1b
P N1 1706 169.4 169.6
P N2 709 79.8 79.4
P N3 73.2 68.3 68.8
NI N2 1149 71.0 71.0
N2 N3 834 74.2 73.7
NI N3 109.1 119.1 118.8

also partly orthogonal to each other. According to
the figures given in Table 3 none of the structures
proposed in Fig. 1 are representative of the
structure of I and Il in their crystalline state.
Because of the close similarity of the structures of
I and II, and because the spatial demands of the
usual dialkylamino groups are quite comparable
to those of the piperidino and the morpholino
groups, ane may conclude that tris(dialkylamino)-
phosphines (R,N);(R =Me, Et etc.), generally have
geometries of the same type as have I and II. The
close similarity in the structures of tris(morpholino)-
phosphine selenide, tris(piperidino)phosphine sel-
enide and tris(dimethylamino)phosphine selenide 3©
substantiates this conclusion.

The important factor which is primarily re-
sponsible for the geometry of tris(dialkylamino)-
phosphines appears thus to be the accommodation
of two, but only two, nitrogen atoms in positions
whereby their lone pair directions are close to be
orthogonal to the phosphorus lone pair.! The third
substituent will then be accommodated where
vacant space is available. It is noteworthy that the
structures of I and II bear no resemblance to that
of triaryl phosphines, Ar;P, where the aryl groups
are twisted to propeller-shaped molecules.>” Ap-
parently the repulsive forces between lone pairs will
not allow geometries of this type for tris(dialkyl-
amino)phosphines.

Bond angles around the phosphorus atom. The sum
of the bond angles, £/ NPN, in I and II are 306.6
and 305.0°, respectively, which is approximately the
same as in Ar3P.37 Except for PH, and the sterically
very hindered phosphine, tris-tert-butyl phos-
phine,*® the sum of bond angles around the phos-
phorus atom in tervalent phosphorus compounds
is generally in the range 295—310° and is not very
dependent on the substituents. It is an interesting
observation in the present compounds that one of

the NPN bond angles, the angle between bonds to
the essentially sp® hybridized nitrogen atoms, is
considerably larger (110°) than the two remaining
NPN bond angles (98°). This increase in the one
bond angle is probably due to the steric demands
of the two substituents whose nitrogen atoms have
their lone pair orthogonal to the phosphorus lone
pair.

Bond angles around the nitrogen atoms. In both |
and II there are actually three different nitrogen
atoms, the sum of their bond angles being 337.6,
353.2 and 350.2° in I and 339.3, 359.8 and 350.1° in
I1. The nitrogen atom with its lone pair anti to the
phosphorus lone pair is essentially sp® hybridized
in both I and II as seen from the sum of the bond
angles, 337.6 and 339.3°, respectively. It may well
be that when no significant “through-space™ ¢ or n
interaction with the phosphorus lone pair takes
place due to the unsuitable spatial orientation of
the nitrogen lone pair. the sp® state is the favourable
hybridization of the nitrogen atom.?* Furthermore.
increased p-character of the nitrogen atom is ac-
companied by a significant lengthening of the
phosphorus-nitrogen bond, which may be of some
advantage when the substituent is to be accom-
mondated on the fairly crowded central phosphorus
atom.

The phosphorus — nitrogen bond lengths. In recent
years a number of X-ray, electron diffraction and
microwave studies of compounds with phosphorus-
nitrogen bonds have appeared and the P— N bond
is known to range from 1.84 to 1.47 A (c¢f. Refs. 13
and 39 for a survey of P—N bond lengths). It is
generally accepted that P¥Y — N bond lengths shorter
than 1.77 A and P — N bond lengths shorter than
1.80 A reflect bond orders higher than unity.*® =42
Bond orders higher than unity seem invariably to
be connected with some deviation from sp* hy-
bridization of the nitrogen atom.

In both I and II the two shorter bonds (1.69 — 1.70
A), and the longer bond (1.726 A), are considerably
shorter than the length for a single P—N bond
according to Pauling (1.80 A),*® and also shorter
than the Schomaker-Stevenson value (1.76 A).*2
In Fig. 4 is plotted the sum of the nitrogen bond
angles versus the corresponding P — N bond lengths
in I and II. There seems to be a linear dependence,
and the least-squares straight line is indicated. From
extrapolation to an angle sum of 325-330° a
P"—N,,3 bond length of 1.74—1.75 A may be
obtained as the measure for an authentic P — N
single bond. This is slightly shorter than the
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Fig. 4. The P—N bond length vs. the nitrogen bond
angle sum in tris(morpholino)phosphine (circles)
and tris(piperidino)phosphine (crosses).

current estimate of a P— N single bond, 1.77 A, the
bond length in the monoamidophosphate anion,*!
which, however, exists in the betaine form.

IR studies of tris(dimethylamino)phosphine and
tris(pyrrolidino)phosphine have shown two peaks in
the P—N stretching region which have been as-
signed to symmetric and asymmetric stretching.!443
In view of the present results indicating that in this
class of compounds there are at least two different
P — N bonds, the IR assignments ought to be recon-
sidered.

The torsional angles. Apart from the torsional
angle of the P—N bonds for the essentially sp?
hybridized nitrogen atoms which are about 180°, the
remaining angles are in the range 69 —96°, most of
them around 70° (Table 2). None of the lone pairs
of the nitrogen atoms are ideally orthogonal to the
phosphorus lone pair. It appears that the value of
70° for the torsional angle is the optimum com-
promise between steric repulsion of the atomic
cores and the electronic energy. This value has
previously been found in tris(dimethylamino)di-
fluorophosphorane.** However, the P—N2 tor-
sional angle of II of 96° is associated with the
shortest (strongest) P—N bond and with the most
coplanar nitrogen bonds of all in the present
analysis; furthermore, this N2 lone pair is also the
one closest to being orthogonal to the phosphorus
lone pair (80°).

The structure of the substituents. The morpholino
and piperidino substituents are all in the expected
chair conformation and linked to the phosphorus
atom in an approximately equatorial direction. As
indicated in Table 2, the bond angles and, to some
extent the bond lengths, are significantly dependent
upon the hybridization of the nitrogen atoms. A
detailed discussion of bond lengths and angles in
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the morpholino and the piperidino group will appear
in a later paper in this series.

Intramolecular contacts. Several short intramolec-
ular nonbonded contacts have been observed and
are listed in Table 2.

In compound I the four hydrogen atoms of C11
and Cl14 are about equidistant from P [2.82—2.89
A]; the equatorial hydrogen atoms of C11 and C14
are also in van der Waals’ contact with N3 and N2,
respectively [2.54 and 2.57 A]. The equatorial
hydrogen atoms of C24 and C31 are both at van der
Waals’ distance from N1 [2.59 and 2.63 A, respec-
tively], and the axial hydrogen atoms of the same
carbon atoms are in contact with each other
[2.38 A]. Probably these interactions are responsible
for the asymmetry in the external angles at N2 and
N3 [LP-N2-C21=116.7°, LP-N2-C24=
1259°; £ P—N3-C34=115.6°, L P—-N3-C31=
124.3°]; they are counterbalanced only by the
interactions between the equatorial hydrogen atoms
at C21 and P[2.69 A] and C34 and P[2.69 A). The
steric demands of the substituents are also the
probable cause for the N2—P— N3 angle being as
large as 110.7°.

The situation is somewhat different in compound
IT since the P — N2 twist is in the opposite direction
as compared to the P—N3 twist in I (¢f. Fig. 2).
Since the molecules @ and b of II are nearly identical,
mean values are used in the discussion. As in I the
four hydrogen atoms of C11 and C15 of II are in
contact with the phosphorus atom [2.65—3.07 A]
and the equatorial ones in contact with N2 and N3
[2.45 and 2.52 A, respectively]. The atoms of the
ring associated with N3 have mainly contacts
analogous to those described for compound I
[equatorial hydrogen of C35 to N1: 2.54 A, that of
C31 to P: 2.64 A] and the same asymmetry in the
external angles of N3 is observed [ £ P—N3—-C31
=114.6°, / P—N3—-C35=123.6"]. There are no
contacts between hydrogens of C35 and C25, how-
ever. The equatorial hydrogen atom of C25 is
separated from N1 by 2.62 A and from P by 2.80A;
the equatorial hydrogen atom of C21 is at a distance
2.83 A from P. The asymmetry in the external
angles of N2 is less pronounced than for N3
[LP1-N2-C21=1208°, L P1-N2-C25=
126.3°]; the angle N2—P—N3 [109.1°] is slightly
smaller than in L. ~

Comments on the reactivity of I and 1. From a
recent kinetic study of reactions with methyl iodide
it has been found that II is considerably more
nucleophilic than L.*> However, the similarity in the
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structure of I and II including bond lengths and
bond angles does not signal such a difference in
reactivity. The presence of one essentially sp?
hybridized nitrogen atom in I and II agrees with the
fact that tris(dialkylamino)phosphines may act as
nitrogen nucleophiles toward several substrates.!!+!2

CONCLUSIONS

None of the structural models considered for the
structure of tris(dialkylamino)phosphines, Fig. I,
are in accordance with the structure of tris(piperi-
dino)phosphine and tris(morpholino)phosphine. In
this class of compounds two substituents appear to
be accommodated with essentially sp? hybridized
nitrogen atoms in positions whereby their lone pairs
are partly orthogonal to the phosphorus lone pair.
The position of the third substituent appears to be
mainly governed by the steric demands. In both I
and II the nitrogen atom of this third substituent is
essentially sp* hybridized and has its lone pair anti
relative to the phosphorus lone pair. The results
indicate that in tris(dialkylamino)phosphines there
are nitrogen atoms with at least two different
hydridizations and thus at least two types of P—N
bonds in each molecule. In view of this, it appears
as if the results from recent IR, Raman and
photoelectron spectral studies of tris(dialkylamino)-
phosphines and related compounds ought to be
reconsidered.
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