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(n'-C4H,N);As has been prepared by the action of C4H,NLi on AsCl, in diethyl ether solution. The molecular structures
of (n-C4HN),P (1) and (n'-C4H,N),As (2) have been determined by single-crystal X-ray diffraction methods. Compound
1 crystallizes in the monoclinic system, space group P2,/n, with @ = 12.428 (6) A, b = 5.858 (3) A, ¢ = 17.071 (8) A,
8 = 98.48 (5)°, and Z = 4; compound 2 crystallizes in the orthorhombic system, space group P2,2,2,, with a = 7.251 (4)
A, b=18.070(5 A, c=21.085(8) A, and Z = 4. The molecular structures of compounds 1 and 2 are very similar; in
both molecules the pyrrolyl ligands are #' and N bonded. The N-P-N bond angles and N-P bond lengths in compound
1 display no unusual characteristics and are quite normal for a PN, system with trigonal-planar nitrogen atoms. Moreover,
compound 1 behaves as a conventional phosphine ligand and reacts with Fe,(CO)j, to afford (C;H N),PFe(CO), (3). The
unusual chemical properties of compound 1 such as hydrolytic stability and unreactivity toward alcohols are due therefore
to the intimate involvement of the nitrogen lone pair in the pyrrolyl « system.

Introduction

Tricyclopentadienyl compounds of the group SA elements
are of interest because of the possibility of 9> attachment of
the carbocyclic ligands.?2  Since the cyclopentadienyl and
pyrrolyl moieties are w-isoelectronic, the possibility of mul-
tihapto attachment of the C,H,N rings in (C{H,N);E (E =
P, As, Sb, Bi) warranted serious consideration. Prior to the
present work, the sole example of this class of compound was
(C4H,N),P which was reported by Issleib and Brack® almost
25 years ago. Surprisingly, (C,;H,N);P (1) is unreactive to-
ward water, alcohols, and CS,.>* Since compound 1 does not
exhibit typical aminophosphine properties, Issleib and Brack?
suggested the possibility that it possesses a C-bonded structure,
A, rather than an N-bonded structure, B. Subsequent IR and

D

NMR data,* however, indicate that B is the preferred struc-
ture. One of the objectives of the present work was to establish
the molecular structure of 1 by means of single-crystal X-ray
diffraction. Furthermore, realizing that the structures of
(C,H,N);E compounds might be dependent on, e.g., the co-
valent radius of the central atom, we decided to attempt the
synthesis of heavier congeners of 1. These efforts resulted in
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the synthesis of (pyrl);As (2) (pyrl = pyrrolyl), which has also
been investigated by X-ray crystallography.

Experimental Section

Materials and General Procedures. Pyrrole, n-BulLi, and ECl, (E
= P, As, Sb, Bi) were procured commercially and used as supplied,
and Fe,(CO), was prepared by UV irradiation of Fe(CO);s in hexane
solution. All solvents were dried carefully prior to use.

Most of the materials described herein are moisture sensitive.
Accordingly, it was prudent to perform all operations in vacuo or under
an inert atmosphere.

Spectroscopic Measurements. The 'H, °C, and 3P NMR spectra
were recorded in the FT mode at spectrometer frequencies of 90, 20,
and 32.84 MHz, respectively, on Varian EM 390 (*H) and Varian
FT-80 (**C and 3'P) instruments. Dichloromethane (54.19 ppm
relative to Me,Si) was employed as the internal reference for the 1°C
spectra, and 85% H,PO, was used as the external reference for the
3P spectra. All positive chemical shifts are downfield (deshielded)
and vice versa.

The mass spectra were measured on a CEC 21-491 spectrometer
operating at an ionizing voltage of 70 eV.

Preparation of (C;H,N),P (1) and (C,H,N);As (2). Both com-
pounds were prepared by the same route; however, since (C4H,N);P
is a known compound,’* only the preparation of the arsenical is
described. In a typical reaction, 139 mL of a 1.55 M solution of n-BuLi
in hexane was added slowly to a solution of 14.5 g (216.1 mmol) of
pyrrole in 300 mL of diethyl ether at ~78 °C. The formation of
C,H,NLi was signalled by the immediate formation of a white solid.
The stirred solution was brought slowiy to room temperature in order
to eliminate the butane which had formed. After the C,H,NLi solution
was recooled to —30 °C, a solution of 13.06 g (72.0 mmol) of AsCl,
in 40 mL of diethyl ether was added dropwise. After slow warming
to room temperture, the reaction mixture was refluxed for 3 h.
Removal of lithium chloride by filtration followed by vacuum evap-
oration of the solvent left a dark-colored oil which was purified by
distillation (bp 125~132 °C at | torr). This afforded 7.0 g (35.5%
yield) of colorless oily (C4H4N);As, which solidified solwly upon
cooling to =15 °C. The compound decomposes slowly at room tem-
perature, thus precluding commercial elemental analysis. Unequivocal
characterization of (C4H4N);As was accomplished by means of
single-crystal X-ray diffraction (vide infra). NMR data for 2: 'H,
a-H’s 6 6.84 (m), 5-H’s 6 6.50 (m); *C{'H} a-C’s 122.9 ppm (s), 5-C’s
112.6 ppm (s). The mass spectrum of 2 exhibits a parent peak at
mje 273 (29.7%), and peaks at m/e 207 (75.7%) and 141 (70.3%),
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Table 1. Data Collection Parameters and Crystal Data

(n*-C ,H,N),P (n'-C,H,N);As
space group P2,/n P2,2,2,
cryst system monoclinic orthorhombic
cell constants
a, A 12.428 (6) 7.251 (4)
b, A 5.858 (3) 8.070 (5)
c, A 17.071 (8) 21.085 (8)
g, deg 98.48 (5) 90
vol, A3 1229.2 1233.8
p,gcm™3 1.24 1.47
g, cm™? 2.04 28.79
molecules/unit cell (Z) 4 4
@ limits, deg 1-20 1-24
measd reflctns 1147 974
obsd reflctns 845 883
R 0.067 0.073
Ry 0.077 0.081
max cryst dimens, mm 0.085 x 0.15 % 0.30 0.70 x 0.25 x 0.35
mol wt 229.2 273.2

which correspond to the loss of one and two pyrrolyl groups, re-
spectively. The phosphorus analogue (C;HN)4P (1) was prepared
in 43% yield with the above procedure. The spectroscopic properties
of 1 were identical with those reported in the literature.*

Preparation of (C;H,N);PFe(CO), (3). A mixture of 2.4 g (10.5
mmol) of (C4H4N);P and 3.8 g (10.5 mmol) of Fe,(CO)g in ~50
mL of pentane was heated under reflux for 4-5 h. The suspended
solid went into solution slowly, accompanied by the evolution of gas
and a change of color of the reaction mixture from yellow to green.
After the solvent was stripped, the product was evacuated for 4 h and
then recrystallized from pentane at low temperature. A yellow solid
(C4H,N);PFe(CO),4 (3) (mp 88 °C dec) was obtained in virtually
quantitative yield. The compound is not stable for long periods of
time at room temperature; hence, only poor quality commercial el-
emental analyses could be obtained. Characterization of compound
3 was therefore effected by means of spectroscopic data. The mass
spectrum of compound 3 exhibits a parent peak at m/e 397 (11.2%)
and peaks at m/e 369 (7.3%), 341 (38.1%), 313 (69.7%), and 285
(67.1%), which corresponded to the sequential loss of four CO
molecules. Following these are peaks at m/e 191 (26.2%) and 122
(40.6%), which correspond to the loss of one and two pyrrolyl moieties
from [(C,H,N);PFe]*. NMR data for 3: 'H, «-H’s § 6.75 (m), §-H's
6 6.45 (m); BC{'H} (-80 °C) a-C’s 123.2 ppm (d, Jpnc = 5.88 Hz),
B-C’s 114.0 ppm (d, Jpnce = 8.82 Hz), CO 210.2 ppm (d, Jppec =
22.06 Hz); *'P{'H} 152.9 ppm (s).

X-ray Data Collection and Solution and Refinement of the Structures
of (n'-CsH,N);P (1) and (n'-C;H;N);As (2). Clear, colorless crystals
of compounds 1 and 2 suitable for single-crystal X-ray diffraction
experiments were selected from the masses of crystals which formed
upon maintaining the freshly distilled oils at —15 °C. Both data crystals
were sealed in 0.5-mm o.d. Lindemann glass capillaries prior to X-ray
examination. Both data sets were collected on an Enraf-Nonius
CAD-4 diffractometer using graphite-monochromated Mo Ka ra-
diation. The diffracted intensities were collected in the w-26 scan
technique in a manner similar to that described previously.’ The
intensities were corrected for Lorentz and polarization effects. Ab-
sorption corrections were made for (n'-C,H4N);As but not for
(n'-C,H,N),P. A summary of data collection parameters and crystal
data is presented in Table I. As pointed out above, the arsenic
compound is not very stable at room temperature, consequently the
crystal mounting and data collection were accomplished as expedi-
tiously as possible.

Both structures were solved with the direct-methods program® and
refined with the SHELX system.’

Results and Discussion

Preparation of (C,H;N);E Compounds. Tripyrrolyl-
phosphine (1) and -arsine (2) are readily prepared by the

(5) Holton, J.; Lappert, M. F; Ballard, D. G. H.; Pearce, R.; Atwood, J.
L.; Hunter, W. E. J. Chem. Soc., Dalton Trans. 1979, 45-53,

(6) Germain, G.; Main, P.; Woolfson, M. M. Acta Crystallogr., Sect. A
1971, 427, 368-376.

(7) Sheldrick, G. SHELX76, program system for crystal structure determi-
nation, 1976.
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Figure 1. Structure of (9'-C,H,N),P (1), illustrating the atom
numbering scheme. The hydrogen atoms are omitted.

Figure 2. Structure of (n'-C,H,N);As (2), illustrating the atom
numbering scheme. The hydrogen atoms are omitted.

action of C;H,NLi on PCl, or AsCl, in diethyl ether solution.
The arsenic compound is considerably less thermally stable
than the phosphorus compound and undergoes decomposition
at room temperature. Evidently this stability trend continues
down group SA because we were unable to prepare (C,;H,-
N),Sb and (C,H,4N);Bi using the above synthetic approach.
Molecular Structures of (n'-C,H,N);P (1) and (y'-
C,H,N);As (2). Both molecules exhibit monohapto attach-
ment of all pyrrolyl groups via N—P or N—As bonds (Figures
1 and 2). Neither molecule has crystallographically imposed
symmetry, and both molecules adopt a C; arrangement of
pyrrolyl groups around the central atom because of unequal
rotations of the rings about the nitrogen-element bonds.
Within experimental error, the pyrrolyl rings are planar and
all the sums of angles at nitrogen are 360° in both 1 and 2.
However, the pyrrolyl groups in 1 and 2 exhibit significant
differences in the C~C bond lengths. This suggests that the
degree of localization of w-electron density in 1 and 2 is similar
to that in pyrrole® and in pyrrolyl complexes of the early

(8) Nygaard, L.; Nielsen, J. T.; Kirchheiner, J.; Maltesen, G.; Rastrup-
Andersen, J.; Serensen, G. O. J. Mol. Struct. 1969, 3, 491-506.
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Table II. Bond Lengths (A) and Bond Angles (Deg) in
(n*-C,H,N),E,E=P (1) and As (2)

E=P E=As
Bond Lengths
E-N(1) 1.710 (8) 1.86 (2)
E-N(2) 1.700 (9) 1.87 (2)
E-N(3) 1.677 (8) 1.84 (2)
N(1)-C(1) 1.38 (1) 1.37 (3)
N(1)-C(4) 1.40 (1) 1.40 (2)
N(2)-C(5) 1.39(1) 1.37 ()
N(2)-C(8) 141 (1) 1.40 (3)
N(3)-C(9) 1.38 (1) 1.39 (2)
N(3)-C(12) 1.37 (1) 1.42(2)
C(1)~C(2) 1.35(1) 1.36 (3)
C(2)-C(3) 1.40 (1) 1.41 (3)
C(3)-C(4) 1.34 (1) 1.35 (3)
C(5)-C(6) 1.34 (2) 1.38 (3)
C(6)-C(7) 1.40 (2) 1.35 (4)
C(7)-C(8) 1.35 (1) 1.34 (3)
C(9)-C(10) 137 () 1.35(3)
C(10)~C(11) 1.40 (2) 1.41 (3)
C(11)~C(12) 1.33(1) 1.33(3)
Bond Angles

N(1)-E-N(2) 100.4 (4) 96.3 (7)
N(1)~-E-N(3) 100.1 (4) 94.7 (7)
N(2)-E-N(3) 100.7 (4) 98.9 (7)
E-N(1)-C(1) 122.2(8) 123 (2)
E-N(1)-C(4) 130.7(7) 130 (2)
C(1)-N(1)-C(4) 107.1 (8) 107 (2)
E-N(2)-C(5) 122.4 (9) 122(2)
E-N(2)-C(8) 130.0 (8) 129 (2)
C(5)-N(2)-C(8) 107 (1) 108 (2)
E-N(3)-C(9) 130.7 (8) 132(1)
E-N(3)-C(12) 124.1 (9) 123 (1)
C(9)-N(3)-C(12) 105.2 (9) 105 (2)
N(1)-C(1)-C(2) 109 (1) 111 (2)
C(1)-C(2)~C(3) 107.4 (9) 105 (2)
C(2)-C(3)-C(4) 109 (1) 109 (2)
N(1)-C(4)-C(3) 108.0 (9) 108 (2)
N(2)-C(5)-C(6) 110 (1) 108 (2)
C(5)-C(6)-C(T) 107 (1) 107 (2)
Ci6)-C(7)~C(8) 110 (1) 111 (3)
N(2)-C(8)-C(7) 106 (1) 106 (2)
N(3)-C(9)-C(10) 109 (1) 111 (2)
C(9)-C(10)-C(11) 107 (1) 107 (2)
C(10)~C(11)-C(12) 107 (1) 108 (2)
N(3)-C(12)-C(11) 111 (1) 110(2)
E-N(1)-Cent (n!-C,H,N)? 175.9 173.3
E-N(2)-Cent (n'-C,H,N)® 172.8 171.5
E-N(3)-Cent (n'-C,H,N)? 175.7 171.8

@ See Figures 1 and 2 for the atom numbering schemes. ? Cent
{(n'-C,H,N) is the centroid of the pyrrolyl group.

transition metals® where the differences in ring C—C bond
lengths are ~0.04 A. The average E-N-ring centroid angle
in (n!-C,H,N),P (174.8°) is slightly larger than that in
(n'-C,H,N);As (172.2°). In pyrrolyl-metal complexes,
metal-N-ring centroid angles have been observed® in the range
164-179°. Taken collectively, the foregoing metric parameters
for the pyrrolyl groups in 1 and 2 suggest that the dominant
bonding mode can be better represented by I than II.

~—
@
=

I II

The sum of N-P-N bond angles in compound 1 is 301.2°.
This compares favorably with other uncoordinated PN; sys-

(9) Vann Bynum, R.; Hunter, W. E,; Rogers, R. D.; Atwood, J. L. Inorg.
Chem. 1980, 19, 2368-2374.

Atwood et al.

tems for which X-ray crystallographic data are available,
namely (pip),P (pip = piperidino) (304.7° and 305.1°),10.!
(morph);P (morph = morpholino) (306.6°),1%12 and
(PhNH),P (298.5°).13 The sum of N-As~N bond angles in
compound 2 is 289.9°. This reduction of central atom bond
angles on descending group 5A is a well-known stereochemical
phenomenon!* and is usually discussed in terms of the ap-
portionment of valence s and p character between the lone pair
and the various ¢ bonds.

In previous discussions of N—P bond lengths!®!21% it has been
noted that their values depend on the state of hybridization
of the nitrogen atoms. For tricoordinate phosphorus atoms,
Kpical values are P-Ny ~ 1.68-1.69 A P-N» ~ 1.74-1.75

. The P-N bond lengths in 1, which fall in the range 1.677
(8)-1.710 (8) A are thus entirely normal for phosphorus
bonded to trigonal-planar nitrogen. Considerably less infor-
mation is available concerning arsenic-nitrogen bond lengths.
On the basis of one X-ray crystallographic study, Remmin
and Songstad'2 have suggested the values As~Ng, ~ 1.84
and As-N; ~ 1.87-1.88 A. Our values for 2 range from 1.84
(2) to 1.87 (2) A and, once again, indicate that the E—pyrrolyl
bond has no unusual characteristics.

Comments on the Chemical Properties of (n'-C;H,N),P (1).
It is clear from the foregoing structural results that the P-N
bond lengths and N-P-N bond angles of (n'-C,H,N),P display
no unusual characteristics and that these metric parameters
are quite normal for trigonal-planar nitrogens bonded to a
tricoordinate phosphorus atom. Moreover, we find that com-
pound 1 behaves as a normal phosphine ligand and reacts with
Fe,(CO), to afford (pyrl);PFe(CO), (3). The unusual
properties of compound 1—namely, the unreactivity toward
water, alcohols, and CS,—must therefore be a consequence
of the involvement of the nitrogen lone pairs in the pyrrolyl
ring systems. This aspect was clear from the pattern of
pyrrolyl C-C bond lengths and P~N-ring centroid angles in
1 which was discussed above.

Finally, we note that compound 3 is not thermally stable
at room temperature; hence it was characterized spectro-
scopically. The NMR data presented in the Experimental
Section establish that the pyrrolyl moieties in this compound
are N-bonded.
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