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trogen atoms. The coordination environment of each copper 
atom is spacious and, in contrast to the halide analogues,9-” 
the substituents on the pyridine appear to play little role in 
determining the structural details beyond considerations of 
crystal packing and polymer conformation, as discussed below. 
(In 7, however, it is of interest to note that Cu-S is short (2.290 
(4) A), paralleled by increases in Cu-N(a,bl) to >2.1 A. 
Although this may be a consequence of different electronic 
properties of the quinoline, S-Cu-N(b1) is unusually large 
and the influence of steric considerations cannot be totally 
discounted.) Cu-S-C is remarkably constant, with a range 
of 100.3 (5) (4)-105.4 (6)’ (5). Thiocyanate geometries are 
as expected, as are those of the pyridine bases. Angular 
asymmetries at the coordinated nitrogen atoms are found in 
the cases of 1,3,6, and 7, where the base has a 2-substituent. 
The structure of 7 is isomorphous with that of its silver(1) 
analogue, the only 1:2 Ag(SCN):nitrogen base adduct thus 
far characterized. In the latter Ag-S is 2.495 (4) A, with 
Ag-N(SCN) = 2.332 (5) and Ag-N(base) = 2.364 (3), 
2.361 (3) A. The metal-sulfur distance has increased by 0.205 

on passing from copper(1) to silver(I), while the metal- 
nitrogen distances have increased by 0.33 A in the case of the 
thiocyanate and 0.25 A in the case of the base nitrogens, 
indicative of a strengthening of the metal-sulfur bond at the 
expense of the metal-nitrogen bonds (thiocyanate in particu- 
lar). This is equivocably supported by the changes in angular 
geometry: S-Ag-N(thiocyanate, bases) = 119.6 ( l ) ,  109.2 
(l), 122.3 (1)’; N(thiocyanate)-Ag-N(bases) = 95.9 (1) 98.3 
(1)’; N(base-Ag-N(base = 108.0 (1)’. The Ag-S-C value 
is not significantly different from that in the copper(1) ana- 
logue, being 104.4 (l)’, but C-N-Ag, reflecting the increase 
in Ag-N(SCN), is greatly diminished, to 142.9 (4)’. 

The role of the ligand in determining crystal packing and 
polymer conformation in 3-7 is of interest. All polymers are 
one-dimensional and may be considered as derivative of the 
’split-stair” polymer found in the 1:l adduct of CUI with 
2,4,6-collidine or acridine.lo Consideration of the figures shows 
that in 3 (and 7)* the generating element of the polymer is 
a 21 screw axis, so that the polymer takes on the aspect of a 

helix or “spiral” with copper atoms at every half-turn and the 
ligand planes lying quasi-parallel to the generating axis. We 
note that the base in each case has the common feature of the 
presence of a 2-substituent in the pyridine ring. By contrast, 
in 4 and 5, where this substituent is absent, the polymer takes 
on a different aspect, having quasi-m symmetry in each case 
with a planar Cu-(SCN)Cu array (a = 0.003 (3), 0.016 A 
(4)) and the base nitrogen atoms disposed to either side (6N- 
(la,b): 1.68, -1.71 A (3); -1.56, 1.80 A (4)). The polymer 
axis in each case is parallel to monoclinic b. In the more 
symmetrical of these complexes, 4, H(2) and H(6) of each 
ligand are comfortably disposed relative to the polymer plane 
(H(2a)-.H(2b), N ( l  - y )  3.220 (3), 3.284 A (4); H(6a)s-H- 
(6b), C 2.767 (3), 2.825 A (4)) a relationship that presumably 
becomes much more strained with the adoption of a 2-sub- 
stituent, resulting in the helical conformation. It has been 
noted elsewhere” that the 1:l adducts of CuCl and CuBr with 
pyridine result in the stair polymer lying in a P2, unit cell, 
while in the case of the iodide analogue the cell volume is 
doubled as the array passes to P2,lc. It is of interest to note 
in the present system that a somewhat similar occurrence is 
found: in 5 the unit cell symmetry is P21, while in 4, the cell 
volume is doubled on passing to P2,lc. 6 is unique in having 
two similar but independent polymer strings packed pairwise 
in the structure, resulting in a further cell doubling. The two 
strands differ in the respect of substituent dispositions. In 
contradiction of the above tentative classification, 6, although 
having a planar spine, also contains a base with a 2-substituent. 
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The first X-ray structure determination of an “open tautomeric form” derivative of a tetracyclic tetraaminophosphorane, 
cyclamphosphanebis(brane), C l  H2,N4P-2BH3 (S), is reported. 5 crystallized in the monoclinic space group P2Jc with 
a = 12.538 (1) A, 6 = 9.835 (1) 1, c = 13.263 (1) A, j3 = 114.19 (l)’, and Z = 4. The borane groups are coordinated 
to the P and N atoms, confirming the NMR data in solution, which pointed to the presence of only one of the two possible 
diastereoisomers; this has now been identified as 5’, in which the P-B and N-B bonds are oriented trans to each other 
with respect to the molecule’s mean plane. The P-B bond length (1.858 ( 5 )  A) and N-B bond length (1.619 (6) A) are 
in the usual ranges. There is no linear correlation between the sum ( C N )  of the bond angles around the three tertiary 
nitrogen atoms ( N l ,  N2, and N3) and the three corresponding P-N bond lengths. A very short P-N2 bond (1.653 (4) 
A) is found, in spite of the distinctly pyramidal geometry of the N2 atom ( E N 2  = 341.6 & 3.0’). The five- and six-membered 
rings adopt the low-energy “envelope” and “chair” conformations, indicating the absence of noticeable constraints in the 
polycyclic structure. The results presented in this paper are expected to be relevant to most open tautomeric forms of the 
tetracyclic tetraaminophosphoranes, whether they are uncomplexed or act as m o m  or bidentate ligands toward Lewis acids. 

Cyclamphosphorane2 is known to exist in solution as an 
equilibrium mixture of the closed phosphorane and the open 

phosphane tautomers, la  (80%) and l b  (20%), respectively 
(in toluene). It has recently been shown that under the action 
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n n 

l a  (80%) l b  (20%) 

of diverse transition-metal complexes, i.e. ($-C5H5)Mo- 
(CO)$l, Fe(C0)2(N0)2, or [Rh(C0)2Cl]2,3 this equilibrium 
can be totally shifted to the right to give phosphorus-bound, 
or phosphorus- and nitrogen-bound, adducts of the open form 
lb, in which the two donor sites appear to behave independ- 
ently. Similar behavior was observed when bicyclic amino- 
phosphoranes having a P-H bond were allowed to react with 
transition-metal derivatives or with d i b ~ r a n e . ~  This strongly 
contrasts with the behavior of cyclenphosphorane 2, which, 

~ 

? BH3 F 9H3 
I 

N-P-N 

2 

N-P-N (!.-!.-.-) 
3 

under the action of diborane, did not give adducts of the 
open-form t a u t ~ m e r . ~  Instead, it was found that two BH3 
groups could be coordinated on two of the phosphorus-bonded 
nitrogen atoms, with retention of the closed phosphorane 
structure 3. 

It was therefore of interest to investigate the behavior of 
cyclamphosphorane toward diborane. Preliminary results5 
have revealed that the reaction is more complex with 1 than 
with 2 and that a mixture was obtained in which the bisadducts 
of both the closed (4) and the open (5) tautomeric forms were 

4 5 

present along with other, still unidentified, products. In a 
typical experiment, adducts 4 and 5 were isolated in 40 and 
15% yields, respectively. 

Cyclamphosphanebis(borane) (5) may a priori exist in two 
diastereoisomeric forms, 5' and 5", since there are two inde- 
pendent chiral centers in the molecule, but all the spectral data 
point, within the limits of detection, to the presence of only 
one of these isomers; however, these data do not permit the 
establishment of which one it is. 

n n 

8 " \  

5' (R,S;S,R) 
5" (R,R;S,S)  
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Table I. Crystallographic Data for Cl,H,,N4P~2BH, 

d(ca1cd) = 1.140 g cm" 
recording temp: 20 "C 
Cu Karadiation ( A =  1.54051 A),  

8 range: 2" < 0 < 60" 

C,,HZ,BZN,P 
fw = 255.95 
spacegroup: P2,/c 
a = 12.538 (1) A 
b = 9.835 (1) A 
c = 13.263 (1)  A data collected: 2238 
p=114.19  (I)" dataZ> 3 0 0 :  1639 
V =  1492 A3 
z = 4  R a  = 0.066 
F(000) = 528 
~ ( C U  Ka) = 15.07 cm-' 

Ni filtered 

cryst size: 0.2 X 0.2 X 0.2 mm 

R W b  = 0.038 

a R = E(lFo I -  lFcl)/Z IFo I. * R ,  = [ Ew( IF,, I - IF,I)'/ 
nvIFol ' ] "~ ;  w =  1/u2(IFol). 

Table 11. Atomic Coordinates with Esd's 

atom 104x io4 Y 1 0 4 z  

P 
N1 
c1 
c 2  
N4 
c 3  
c 4  
c 5  
N3 
C6 
c 7  
N2 
C8 
c 9  
c10 
B1 
B2 

3036 (1) 
2838 (3) 
3548 (5) 
2782 ( 5 )  
2147 (3) 
2971 (4) 
2586 (4) 
2913 (4) 
2349 (3) 
1137 (4) 
933 (4) 

2074 (3) 
2036 (4) 
1789 (5) 
2655 (5) 
4585 (5) 
1101 (5 )  

2979 (1) 
2969 (4) 
3933 (5) 
5055 (5) 
5860 (4) 
6725 (4) 
6809 (5) 
5567 (5) 
4298 (4) 
4023 (5) 
2490 (5) 
1852 (4) 
549 (5) 
768 (5) 

1666 (5) 
2698 (6) 
6749 (6) 

8003 (1) 
6667 (3) 
6344 (4) 
5590 (3) 
6 124 (3) 
7052 (3) 
8011 (3) 
8755 (3) 
8200 (3) 
8015 (3) 
7764 (4) 
8039 (3) 
7468 (4) 
6251 (4) 
6098 (4) 
8971 (5) 
5228 (4) 

Single crysta., of compounc. 5 could be grown, allowing the 
first structure determination by X-ray diffraction analysis of 
an "open" tetracyclic tetraaminophosphorane derivative. Its 
relevance should extend not only to the series of polycyclic 
polyaminophosphoranes, which includes cyclen- and cyclam- 
phosphoranes and their open-form BH, adducts, but also to 
some of their transition-metal adducts. 

Experimental Section 
Compound 5 was prepared from cyclamphosphorane and B2H6 in 

toluene at  O O C  on a vacuum line.s 
Suitable colorless prismatic crystals of 5 were obtained from a 

saturated solution of 5 in CH2C12 by slow evaporation at  0 OC. These 
crystals are monoclinic and belong to space group P2,/c. The unit 
cell parameters given in Table I have been refined by least squares 
from angular positions of 25 reflections. 

The intensities of 2238 reflections were collected with an Enraf- 
NoNus CAD4 automated diffractometer ( K  diffraction geometry; hkl, 
-hk[). No decrease in the intensity of the standard reflections (304, 
326,027) recorded periodically was observed during the data collection. 
The data were corrected for Lorentz and polarization factors, but not 
for absorption. The structure was solved by direct methods (MULTAN).~ 
Fourier synthesis allowed the location of all non-hydrogen atoms. A 
preliminary refinement by a least-squares method' (XFLSN program)8 
was made on 1639 reflections to reach R, and R values of 0.10. At 
this stage of refinement, a Fourier difference map showed the hydrogen 
atoms. They were introduced isotropically but not refined ( B  = 6 
AZ). The final R, and R factors reached values of 0.038 and 0.066. 

Final atomic coordinates are shown in Table I1 and selected bond 
lengths and angles in Table 111. The molecular structure and the 
labeling of the atoms are shown in Figure 1. 

(6) Germain, G.; Main, P.; Woolfson, M. M. Acta Crystallogr., Sect. A: 
Cryst. Phys., Dvfr., Theor. Gen. Crystallogr. 1971, A27, 368. 

(7) "International Tables of X-ray Crystallography"; Kynoch Press: Bir- 
mingham, England, 1962; Vol. 3. 

(8) Busing, W. R.; Martin, K. U.; Levy, H. A. Oak Ridge Natl. Lab., 
[Rep.] ORNL (US.) 1971, ORNL-59-4-37. 
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Table 111. Selected Bond Lengths (A) and Angles (deg) with Esd's 

P-N 3 
P-N2 
P-N1 
P-B 1 
N4-B2 
N4-H 
N l C l O  
N1-Cl 
N2-C7 
N2-C8 

N3-P-N2 
N3-P-N1 
N2-P-N1 
N3-P-B1 
N2-P-B1 
N1-P-B1 
C1O-Nl-P 
C10-Nl-Cl 
C1-Nl-P 
C7-N2-C8 
C7 -N 2-P 
C8-N2-P 

81 

1.637 (4) 
1.653 (4) 
1.686 (3) 
1.858 (5) 
1.619 (6) 
1.217 (3) 
1.457 (5) 
1.479 (5) 
1.466 (5) 
1.479 (5) 

95.1 (2) 
108.2 (2) 
103.3 (2) 
118.5 (2) 
116.7 (2) 
11 2.8 (2) 
11 8.3 (3) 
11 3.5 (4) 
117.0 (3) 
114.8 (4) 
110.8 (3) 
116.0 (3) 

N3-C.5 1.473 (5) 
N 3 C 6  1.462 (5) 
N4-C2 1.491 (5) 
N 4 C 3  1.505 (5) 
Cl-C2 1.534 (6) 
c3-c4 1.535 (5) 
C 4 C 5  1.518 (5) 
C6-C7 1.544 (6) 
C8-C9 1.530 (6) 
C9-ClO 1.477 (6) 

119.6 (4) 
11 3.9 (3) 
125.1 (3) 
100.0 (3)  
111.4 (3) 
109.9 (3) 
11 1.6 (4) 
111.5 (4) 
11 1.9 (4) 

a 

7 

b 

Figure 1. Structure of cyclamphosphanebis(borane): (a) two ORTEP 
drawings of 5 (b) conformation of the molecule. 

Results and Discussion 
Only the open form, which has one borane group on 

phosphorus and the other on the N H  site, is detected when 
the isolated compound 5 is dissolved in toluene. This is es- 
tablished by the 31P NMR spectrum, which exhibits a single 
low-field 1:l:l:l quartet (6 = 1 1 5  from 85% H3P0,; Jp-B = 
95 Hz); the llB('H) spectrum consists of a broad singlet at  
-14.5 ppm (from Et20.BF3), a position usually found for 
N-coordinated BH3 groups, and a doublet (-43.0 ppm; Jp-B 
= 95 Hz) in the region characteristic of P-coordinated BH3.9 

In the solid state, the structure of 5 (Figure 1) displays a 
P-B bond 1.858 (5) A long, in the usual range known for P-B 
bonds (1.84-1.96 A).l0-I4 From a number of X-ray diffraction 

(9) Mooney, E. F. Annu. Rev. NMR Spectrosc-1969, 2, 28C-282. 

Table IV. P-B Bond Length in Compounds Containing 
the h4-P-BH, Linkage 

molecule P-B length, A method'" ref 

PF ,.BH , 1.836 (12) MW 10 
5 1.858 (5) XR this work 

H,B.P[OCH,CH,],N.BH, 1.873 (7) XR 11 
(H,N),P-BH, 1.887 (13) XR 12 
[ (CH,),P*BH, 1 2  1.951 (21) XR 13 
B-P (blende structure) 1.964 XR 14 

7 1  

'" Abbreviations: MW, microwave; XR, X ray. 

a b 
I - -  

Mol 9- N2 

I \ 

W $,e6 r , M  P-N [Q 
Figure 2. P-N bond length vs. sum of bond angles around nitrogen 
in five (X4-P)(X3-N),-containing compounds: (a) tris(piperidin0)- 
phosphane selenide (small squares), tris(morpho1ino)phosphane 
selenide (large squares), and tris(dimethy1amino)phosphane selenide 
(triangles);I6 (b) tris(dimethy1amino)phosphane (circles) coordinated 
to the Fe atom in [(Me2N),P],Fe(C0),;17 (c) bisadduct 5 (circles 
with stars). 

and microwave studies (Table IV), the P-B bond appears, on 
the whole, to become shorter when the electronegativities of 
the substituents of phosphorus increase; this can be interpreted 
as resulting from the stabilization and "shrinking" of the 3d 
orbitals of the P atom, rendering u and/or a interactions 
between the P and B atoms easier. The rather short P-B bond 
found in 5 is consistent with this trend. 

The nitrogen and boron atoms form around the phosphorus 
atom a slightly distorted tetrahedral arrangement, the N-P-N 
angles (95.1 (2), 103.3 (2), 108.3 (2)') being sharper than 
the N-P-B angles (112.8 (2), 116.7 (2), 118.5 (2)O). 

Figure 1 shows that the second borane group is coordinated 
to the nitrogen atom of the N H  site, which is consistent with 
the shift toward lower frequencies, from 3300 to 3240 cm-', 
observed in the IR spectrum (KBr pellet) upon coordination 
of the ligand. The N-B bond length in 5 (1.619 (6) A) lies 
in the usual range for N-BH3 bonds (1.56-1.66 A)11J5 and 
is only slightly shorter than that reported for 
H3B.P(OCH2CH2)2N.BH3 (1 A55 (8) A)." The latter com- 
pound is remarkable, since it shows that the nitrogen atom can 
exhibit strong basicity in spite of its being bound to a phos- 
phorus atom, which usually sharply reduces its basicity toward 

I I 

(10) Kuczkowski, R. L.; Lide, D. R. J .  Chem. Phys. 1967, 46, 357. 
(1 1) Grec, D.; Hubert-Pfalzgraf, L. G.; Rim, J. G.; Grand, A. J.  Am. Chem. 

SOC. 1980,102, 7133. 
(12) Nordman, C. E. Acta Crystallogr. 1960, 13, 535. 
(1 3 )  Carell, H. L.; Donohue, J. Acra Crystallogr., Sect. B: Struct. Crys- 

tallogr. Cryst. Chem. 1968, B24, 699. 
(14) Rundquist, S. Pap. Sect. Inorg. Chem., Int. Congr. Pure Appl. Chem. 

1958, 539. 
(15) Ringertz, H. Acra Chem. Scand. 1969, 23, 137. Andrianov, V. I.; 

Atowmyan, L. 0.; Golovinia, N. I.; Klitskaya, G. A. Zh. Strukt. Khim. 
1967, 8 ,  303. 
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soft Lewis acids such as BH3. 
The P-N bonds, in 5, present many interesting features: in 

contrast to the observations of Songstad et a1.16 and Cowley 
et al.,” there is no linear correlation between the three sums 
( E N )  of the bond angles around the nitrogen atoms and the 
three corresponding P-N bond lengths. Figure 2 compares 
our data with those found by these authors for three tri- 
aminophosphane selenides and for [ P ( N M Q ) ~ ] ~ F ~ ( C O ) ~ .  Like 
5, these four compounds possess three tricoordinated nitrogen 
atoms bound to a tetracoordinated phosphorus atom. All four 
display two short P-N bonds (1.65-1.67 A), with the ar- 
rangement of the bonds around the nitrogen being essentially 
coplanar, and one longer P-N bond (1.68 A), with the nitrogen 
atom correlatively adopting a more pyramidal configuration 
(it should however be noted that this value is still lower than 
that usually expected for P-N “single” bonds, 1.77 In 
contrast, in 5 it is a short P-N bond (P-N2 = 1.653 (4) A) 
that corresponds to the nitrogen having the most pyramidal 
configuration ( E N 2  = 341.6 f 3.0°). This is likely to be a 
consequence of the location of N2 at  a bridgehead position 
between the 5- and 6-membered rings. 

This means, as in C (CO)PhFeP(OCH2CH2)2N,18 where 

that the mechanism responsible for the P-N bond shortening 
is still effective, in spite of the nonplanar geometry of the N 
atom. The other two P-N bonds fit better into the correlations 
of Figure 2: a very short P-N3 bond (1.637 (4) A) with a 
planar geometry about N3 ( E N  = 358.6 f 3.0°) and a long 
P-N1 bond (1.686 (3) A) with a more pyramidal nitrogen 
atom ( E N  = 348.8 f 3.0°). If one adopts the customarily 
employed model of Pd,-N pr intera~tion,’~ these data suggest 
strong pr-d, interactions between both N2  and N3 and 
phosphorus and weaker interactions between N1 and Pa Such 
interactions are of course not the only possible origin of the 
observed bond shortening; the changing from sp3 to sp2 hy- 
bridization is also expected to contribute to this shortening.*O 

I I 

a P-N bond of 1.692 8: has been found, with E N  = 333S0, 

(16) Romming, C.; Songstad, J. Acta Chem. Scad . ,  Ser. A 1979, A33, 187. 
(17) Cowley, A. H.; Davis, R. E.; Remadna, K. Inorg. Chem. 1981,20,2146. 
(18) Vierling, P.; Rim, J. G.; Grand, A. J.  Am. Chem. SOC. 1981,103,2466. 
(19) Bach, M. C.; Brian, C.; Crasnier, F.; Labarre, J. F.; Leibovici, C.; 

Dargelos, A. J .  Mol. Struct. 1973, 17, 23. 
(20) Cotton, F. A.; Riess, J. G.; Stults, B. R. Inorg. Chem. 1983, 22, 133. 

It should be noticed that N1 has its lone pair approximately 
trans (dihedral angle of ca. 180O) to the P-B bond and exhibits 
a smaller sum of bond angles, in accordance both with 
Songstad’s observations and with Cowley’s MO calculations 
for H2NPH?l and P(NH2)3,22 which show that the nitrogen’s 
geometry moves from trigonal planar toward tetrahedral as 
the dihedral angle increases from 90 to 180O. These consid- 
erations encourage us to investigate the basicity of N1 and 
N2 in 5 toward Lewis acids such as, for example, BF3. 

Figure 1 shows that the diastereoisomer formed is 5’, the 
one in which the P-B and N-B bonds are oriented trans to 
each other with respect to the mean plane of the molecule. In 
this conformation, the hydrogen atom of the N4-H bond is 
located in a cavity in the neighborhood of the N1 (2.3 A) 
nitrogen atom. The sharp N4HN1 angle (1 10’) probably 
 hinder^^^,^^ the formation of a strong hydrogen bond between 
H(N4) and N1 atoms, and the interaction between the H(N4) 
and N2 atoms is also impeded by the fact that the free electron 
pair of N2  is oriented in the opposite direction with respect 
to the molecule’s mean plane. 

The six-membered ring adopts the usual low-energy chair 
conformation and the five-membered ring a slightly flattened 
“envelope” conformation whose tip is occupied by the phos- 
phorus atom, which can be taken as indicating the absence 
of particular constraints in the polycyclic structure. 

The results presented in this paper are expected to be rel- 
evant to most open tautomeric forms of the tetracyclic tetra- 
aminophosphoranes, such as la, 2, and their homologues and 
derivatives, whether they are uncomplexed or act as mono- 
or bidentate ligands toward Lewis acids; different conforma- 
tions will, however, have to be adopted in the case of chelation. 
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Raman Spectra of Co(NH&X3 (X = CI, Br, I) Complexes 
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The vibrational Raman spectra of the complexes C O ( N H ~ ) ~ X ~  (X = C1, Br, I) have been measured between 310 and 40 
K. The controversial fine structure near 500 cm-l is explained on the basis of inequivalent sites and different isotope shifts 
for the A,, and TI> stretching vibrations. The polarized intensities for the E, vibration of C O ( N H ~ ) ~ C ~ ~  can be analyzed 
quantitatively in terms of four inequivalent species. The structure of the iodide complex changes from the high-temperature 
cubic to a polydomained monoclinic phase near 280 K. Additional structural changes are observed near 250 and 90 K. 
Off-center displacement in the charge-transfer states of the CoN6 chromophore may be responsible for the Raman activity 
of the TI: vibration. 

1. Introduction 
The assignment of the stretching vibrations in Co(NH3)a3  

(X = C1, Br, I) has been a controversial subject for many 
years.’-5 Of the two IR-active TI, skeletal modes, the bending 
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vibration is strong in the IR spectrum but the predominantly 
stretching vibration (Tl,b) is very weak. The IR bands near 
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