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Summary 

An accurate X-ray crystallographic structural study of a met&l complex hav- 
mg a mtroxyl dlradicai as a bldentate hgand has been carried out B1cyclo[2 2 l]- 
he$-2-en-5,6&nltrosocobalt-$ -cyclopentadlemde crystallizes 111 space group 
P1with22,a8245rC-0007,b10285i0016,c7888~0008~ando59276 
* 0 073, p 101099 i 0 053, y 108 802 2 0 067” Intensltles of 1831 mdepen- 
dent reflectlons were used m the refinement of the structure to an R(F) of 4 6% 
The bondmg of the Co atom to the cyclopentadlenyl hgand appears to be a 
normal pentahapto linkage The lone double bond and the C-C smgle bonds 
adjacent to the endo hydrogens of the norbomene fragment of the molecule 
are shorter than have previously been reported for this moiety ThE study rep- 
resents the first structural report of NO groups bndgmg to Co. The Co-N-O 
angles (129.4(3) and 128-g(3)‘) and the NO stretchmg frequency (1357 cm-‘) 
of the title compound resemble values found m mtroxyl free radical compounds 
more closely than values found m bndgmg NO group compounds 

Introduction 

In 1971, Brunner and Loskot [l] reported the reactlons of olefins with organ0 
cobalt compounds in the presence of NO. In particular, they reporkd that the 
reaction of [($-CsH,)Co{CO),] w-&h the Duels-Alder adduct of cyclopentadl- 
ene and the dlmethyl ester of acetylenedlcarboxylic acid, m the presence of NO, 
sves an unusual compound to which they assigned the following chemical com- 
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posrtron and structure 

CGOCH3 

(1) 

The exrstence of bndgmg NO groups was Inferred from the value of the NO 
stretchmg frequency (1357 cm-‘) and the endo configuratron of the hydrogens 
(H,) at posrtrons 5 and 6 was assigned on the basis of H-N?rlR arguments Since 
this molecule IS unique m composrtron and the confrguratlonal assignments 
needed to be venfled, we undertook an X-ray diffractron study of the crystal 
and molecular structure of the substance m the form of the parent compound 
(I, R = H) Our results venfy all composrtronal, conforrnatronal and configura- 
tronal assignments made by Rrunner and Loskot [I]_ Furthermore, thus 1s the 
first study of a p-nrtroso cobalt compound and one of the few studies available 
of erther an orthodmrtroso orgarnc compound or of a norbomene fragment 
(vlde mfra) 

Expenmental 

A farrly wellshaped dark, almost black, smgle crystal suitable for X-ray dlf- 

fraction studres was selected from mater-ml kindly supplied by Professor Henn 
Rnmner The crystal was approximately a paraheleplped m shape It was 
bounded by srx faces of the following forms and rndrces ElOO], (OOl], (132) - - 
and (131). Perpendrcular drstances from an ongm chosen at the mtersection of 
three faces, the (TOO), (003) and (132). to the remanring faces were as follows- 
0 20 mm to the (IOO), 0 1’7 mm to the (OOI), and 0 30 mm to the (x33). The 
volume of the data crystal was 0 01978 mm3_ 

Prelrmmary Werssenberg and precession X-ray photographs established that 
the crystal 1s trrc&c. The assumptron that :t rs centrosymmetric, so that the 
space group rs PI, has been proved correct by the structural analysrs. Approxr- 
mate umtceI1 drmensrons were refined by leastaquares analysrs usmg observed 
drffractometer data for twenty-four reflectrons, automatrcally centered under 
computer contro1. The crystal data are summarized m Table 1. 

tismg graphrte monochromatrzzd MO-K, X-radiation (X = 0 71069 A), inten- 
srty data were collected under computer control using the Brookhaven Multrple 
Spectrometer Control System [2]. The 8 - 2 8 S~~PSCZBI technique was used 
wrth the scan length determmed by the function- A2 8 = 2.0” (1 + 0.7 tan 8). 
Yiie step srie was chosen to grve approximateiy SU points in each s&n. Data 
were cohecti out ro sin d/h = O&%49 A-’ and mcluded-measr_rremer&r ofmarry 
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TABLE 1 

CR\ STAL DATA CtzHt3XZ02Co f w 276 18 Space Group Pi tnchmc 

0 8245-‘0007r~ a 59 276 2 0 Oi3’ 

b 10 285 k 0 016 p 101 099 % 0 053 

e 7 888 % 0 008 7 iQ8 802 i 0 067 

c 544 01 x3 z2 

dmeas 1 690 gnu cm-3 

dcza 1 686 gms cm-3 

IJ 16 227 cm-t 

Range of txm’mm.s~on coeffuaents calculated 0 i3 to 0 79 
________- ---- ---_----- 

reflections m both hemispheres of reciprocal space The total of 3282 mte- 
grated mtensity measuremen’;s yielded a umque data set of 1831 observed m- 
tensities with I > 3 CJ (I) 11s the background corrected Integrated mtensity and 
o(l) its es d based on counting statistics Two standard reflections were mea- 
sured at regular mtervals to monitor the crystal and electromc stability No cor- 
rective measures were required by the observed varratrons 

Background corrections were made using a method [3] which separates the 
peak and background m such a way that u (I)/1 1s mmimized Lorentz, polariza- 
tion and absorption corrections were applied to the data Polanzatlon due to the 
pyrolytic graphite monochromator crystal was neglected The Gaussian mtegra- 
tion method [4] with a grid of 512 pomts was used m the absorption correction 
calculations, where the crystal shape was represented by the SIX rational bound- 
ary planes described above 

Strclcture solution and refinement 

A three-dimensional sharpened Patterson map showed the position of the Co 
atom in the umt cell Subsequently, all other atoms m the molecule were re- ’ 
vealed by Fourier and difference Fourier maps 

The full-matrix least-squares refinement of the structure proceeded m a 
straightforward manner: R ’ = X KJ(IF~I - IFJ)’ was the quantity mmimlzed, 
where F0 and F,, respectively, are the observed and calculated structure amph- 
tudes and w = l/02(Fo) is the weight for each reflectron. a(F,) was given by 
o(FO) = (o’(F,) + (0 0751F,,l)z)‘~z with a’(F,) based only on counting statistics 
All 1831 observed reflections were included in each refinement cycle In the 
final cycle, a smgle scale factor, the atormc positions and the anisotropic ther- 
mal parameters for all non-hydrogen atoms were varied All hydrogen atoms 
were found m the difference Fourier maps and therr contributions were included 
m the least-squares cycles, but their positional and isotropic thermal parameters 
were not vaned Ulkmately the hydrogen atom positions were idealized. The 
C-H distances were set to 0.97 A and the isotropic temperature factors were 
s&to44AZ 

The final R-factors for the refinement were RI = ZIF, - kFci/T:lFol = 4 6% 
and Ri = [zlw(F, - kFcj2 I’“/( EWE) Ih = 5.9%. The error m an observation of 
urut werght was as follows: Error = [Cw(F, - kF,)*/(m - n)]In = 1.23 where 
m = total number of observations and n = total number of parameters vaned. 
Throughout the refiiement calculatrons, the &orrnc scattenng curves of Cramer 





TABLE 4 

IDEALIZED HYDROGEN POSITXOIW = 

Hi.1 0 183 

HC2 -0003 

HC3 0 047 

HC4 1 0 092 

HC4 2 0 255 

HC5 0 351 

HC6 0 452 

HC7 0 307 

HCCl -+ 146 

HCC2 -0258 

HCC3 -0 477 

HCC4 -0 496 

HCC5 -0 299 

0 101 0 056 

0 055 0 283 

0 303 0 303 

0 454 -0 073 

0 517 0 034 

0 388 -0.113 

0 259 O-223 

0 208 0 472 

0 426 -0 579 

0 137 -0 468 

0 020 --a 211 

0 236 -0-l 57 

0 493 -0 398 

= AU hydrogen ato.ms were asnyed an notroplc thermal parmncter of 4 4 X2 The C-H distance m ail 

cases was 0 97 A uzch h>drogen atom IS labelk. accorW to the carbon atom to which it IS attached 

TABLE 5 

BOND DISTANCES (A) 

co-Cc1 

co-Cc2 

co-Cc3 

co-Cc4 

co-cc5 

Co-ten = 

Co-N1 

Co-N2 

Nl-01 

N2-02 

hl-C2 

N2-Cl 

Cl-C2 

Cl-C5 

C2-C3 

c3-c4 

c3-m 

a--c5 

C5-C6 

a-c7 

2 074(5) CCl-CC2 1 384(8) 

2 085(4) CC2-CC3 1 372(7) 

2 08-L(4) cc3-Cc4 1388(8) 

2 06SC5) cc4-Cc5 1 403(S) 

zo92<5> CC5-CCl 1 379;s) 

i 714(5) 

1761<3) 

l-764(3) 

1 252<4) 

1 247(4) 

l-492(5) 

il 487(5) 

1 520<5) 

l-551(5) 

1 550<5) 

1_534<6) 

1 507<6) 

1 530<5) 

1 511<6> 

1 314(f) 



TABLF 6 

BOND AhGLtS (Dee) 

~~l--co---Y2 
co-ia- 

co-\l-cZ 

Ol-\l-cZ 

co--v2-02 
co-%2--a 

03-h2-Cl 

hr2-Cx-C2 

Y2-Cl-C5 
c2-cl-c5 

876(1) 
129 4(3) 

1182<2) 

1124<3) 

128 S(3) 
1182(2) 

1129(3) 

1080(3) 

1124(3) 
103 6(3) 

\l-c2-c1 1079(3) 

Vl-c2-C3 1117(3) 

Cl-C2-C3 1030(3) 

c2-C3-c4 1001(3) 
C2-C3--Ci 105X3) 
c4-CJ-C7 1004(3) 

c3-c4-c5 936<3) 

een"--co--U1 1377(3) 
ten-co-x2 1347(3) 
~___ ---- -_ 

= een = center of CYclopenradIenYl ring. 

Cl-c5-C4 

Cl-C5--C6 

C4-C5--c6 

C5-C6-C7 

C3-C7-C6 

cc5-cc1-Cc2 

CCl-CC2-CC3 
CC2-CC3-CC4 

cc3-cc4-cc5 
cc4-cc~cl 

100 -z(3) 

1040(3) 

1002(3) 

107 8(4) 

1077<4> 

1089(S) 

1080<5) 

108415) 

1077(5) 

lOil(5) 

- 

Descnption of the molecular structure and dlscusslon 

Fig 1 shows the shape of the molecule and the atom numbenng system used 
m the crystallographx study. 

Fig 2, a stereographic view deplctmg the molecule m the same orlentatlon as 
m Fig. 1, shows that the molecule mdeed contams a pax of endo hydrogens at 
posltlons 5 and 6 and that the cobalt atom 1s bndged by a pan of NO fragments 
to the exe-5,6 positions of the norbomene In the followmg, we present a quan- 
tltatwe dxxusslon of the molecular bondmg parameters of the varxous fragments 
of the molecule 

A The ($-C&l&o fragment 
The bondmg of the Co atom to the five carbons of the cyclopentadienyl hg- 
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and Y that expected for a normal pentanapto lmkage As can be seen from the 
data m Table 5, the raDge of values for the Cc--C bonds IS narrow (2 069(5) to 
2 092( 5) A) and the difference between extreme values (0 023 A)*, perhaps, 
Just barely slgmficant (3 2 a) .4ny slgnlfxance of this difference 1s dlamlshed 
even furthx when viewed agamst the devlatlons of the carbon atoms of the cyclo 
pentadlenyl group from the best piane through them, as determined by least 
squares The devlatlons range from +0 009 A to -0 011 X for CC4 and CC5, 
respectively, the same two carbon atoms as are mvolved in the extreme Co-C 
distances X compwon of our results with others obtained from recent litera- 
ture reports 1s @ven m Table 7, where one can see that there is a range OI mean 
values from 2 029(18) to 2 OSl(9) Y and that their difference (0 052 A) E agam 
barely slgnlficant (2 58 0) In all cases hsted m Table 7, the rings are planar and, 
therefore, have average Internal C-C-C angles of 108” as expected for a penta- 
gon The values of the C-C distances range from 1 385( 12) to 1 417( 10) X but 
there seems to be no correlation between the vanatlons m C-C distances and 
those m the Co-C distances In fact, the difference betxeen the extreme values 
for the C-C distances (0 032 A) 1s Just barely slgmflcant (2 05 a) while the dlf- 
ference between the C-C distances m compounds I and IX, which are stencally 
closely related, 1s only 0 017 S which LS certamly not slgmficant (0 66 a) 

B The norbornene fragment 
Beside this study of the norbomene moiety, there are only SLY others m the 

structural hterature [ 14-16,24-261 Of these, three [14,24,26] contam nor- 
bomene fragments which are a part of larger fused systems. Furthermore, the 
errors associated with the bond lengths and angles m three of these studies 
124-261 are quite large (e s d ‘s on lengths = 0 018-O 030 A, es d.‘s on angles 
= 1 2-2 0”). Therefore, they are not suitable for comparison with our results 
However, generally they are m good agreement \%lth the results shown m Table 
8. We have included in Table 8 the more accurate results for the polycychc 
systems [ 161 wnlch are ax&able and, for companson, the result-s of the electron 
diffraction study -of norbomadlene by hluecke and Davis [17] The skeletons 
whxh resemble the title compound most are those of compounds X and XI, 
whxh are shown below together with that of XII 

TABLE 7 

COMPARISON OF BONDING PARAMETERS FOR VARIOUS STRUCTURES CONTAINING THE 

<Bs-C5H5)co FRAGMENT THE VALUES LISTED BELOW ARE MEAN VALUES AND THE NUhlBERS 

IN PAREBTHESES ARE THE DEVIATIONS FROM THE WEAN 
- 

Compound CO-C (A) C-C (4) C-C-C co 1 Reference 

I 

n 
DI 

IV 

V 

VI 

VII 

VIII 

Ix- 

2 081(9) 1 385(12) 108 O(7) 

2 074(9) 1 415<14) 108 O(9) 

2eO66<11) 1 417(10) 108 O(8) 

2.OfilCll) 1413(B) 108 O(3) 

2 064(B) 1 387(g) 108 O(8) 

2 049(13) 1.407(2) lO%(ll 
2 049<7) 3 389<17> 108 O(9) 

2 038a 5) 1.405fl4i 108<2) 

2.036(10) 1.390(6) lOS.Oo(l~ 

2.0298 8) 1 462(23> 208(2) 

ths study 

6 

7 

8 

9 
10 

11 

12 

13 
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T\BL.EB 

cO\,PARISOW OF BQYD LEbGTHS ($) A?.D ANGLES CJ) WITHIM THE XORBORhENE FRAi 

OFTHETlTLECOVPO~DWITHRELEVANTD4TAAVAIL3BLEI~TTNECHE~IICAL 
LITERATURE ~ndIengthsandanglesofchenucallyeq~ralentfrasmenllaretJbulated Atomht 
tboseusedInthepresenta~s.allo~p~cstudy Referrnceshouldbemadeto FIP I lfnecenary 

Compound C3-c? C7-C6 Cl-c5 c3--c4 Cl- 

and and and 

C-6 c2-c3 C-I-+X 
__I 

I CC~HS)COCC~HS.N,OZ) 1 507C6) 1314C7) 1551C5) 1534C6) 152 

1511C6) 155OC5) 1 53oC5) 

x C33H1$.303Cexo) 1 524Cl-u 1356C16) 1622Cll) 1469Cl7) 161 

1 541<15) 1585C1.5) 1508C13) 

15 C.~HaO>(endo) 1513C7) 135oC7) 1566C7) 15650) 154 

1 515<7) 158X7) 15-17(7) 

XII CItHgcI6cexo> 1513<7> 1 361(i) 158OC.6) 1543C6) 160 

1 518C6) 1583C6) 1583C6) 

XIII Uorbornaduxuz CC,Hs) 1549 1357 - 1568 - 
_--__ ___--- 

(X) EI?Ii 

The length of the double bond (C7-C6) m the title compound I E+ shorter 
than that found for compounds X, Xl and XII, the difference bemg 2 40 O, 3 64 
(3, and 4 75 u, respectively Assuming that the es d of the (C7-C6) bond length 
measurement m the electron dGfractlon study 1s no worse than that for com- 
pound X (0 016 A), it too differs from I to a level of sigmficance of 2 46 D At 
the same time, and to different levels of sqmflcance, the length of the s&e 
bond (Cl-C2) at the fusion point with the five-membered nng IS also shorter m 
I than m all the others. Fmally, the lengths of both smgle bonds (Cl-C5 and 
C2-C3) are shorter m I than m the other compounds These are the only general 
trends whch are apparent m the data of Table 8. For example, the Important 
angle at C4, the bndgehead carbon, s dentlcal in I and XI and smaller than m 
aI1 the other compounds, mcludmg norbomadlene. Th= result is mterestmg smce 
the configuration at Cl and C2 in I ES sndo with respect to the hydrogens HCl 
and HC2 and exo with respect to the atoms of the fused fwe-membered rmg 
The opposite IS. true in XL Yet the angle at the bndgehead carbon is larger m X 
than m XI, where the configuratron at C1 and C2 is the same. Along the same 
hnes, one notes th+t the angles C2133--c7 and Cl--C5-C6 in I are about the 
same as those in X but smaller than in the other compounds_ Thus, we are forced 
to concIude that, at this stage, no general trend is apparent for the distances and 
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---- -__-- 
Cl-C2-C3 C5-C6-Ci C2-C3-C7 Cl-C5-C4 C-i-C5-C6 C3-C4-C5 Ref- 

C2-Cl-C5 C3-fZ7-C6 Cl-C5-C6 C2-X3-C-t c4-C3-C7 erence 

1030(3) lOiS(4) 
1036(3) 1077(4) 

1008(8) 106-t(9) 
102 5(6) 1080(g) 

103 3(5) 107 6(5) 

1032(5) 1076(5) 

10&9(3) 107 2(4) 
100 4<3) 1089(4) 

- 1085 

-__ _____ 
105 5(3) lOOi(3) 100 2(3) 936(3) uus 

1040(3) lOOJ(3) 1004<3) stud\ 

1050(7) 984(g) 99 6(i) 990(8) 14 

1052(9) 98 5(7) 1021(9) 

1081(5) 97 7(5) 101 3(5) 93 5(5) 15 

106 5(5) 983<5) lOlO(5) 

109 7(3) 930(3) 1032(4) 947(B) 16 

1072(3) 101 6(3) 101 6(3) 

1066 - 959 962 17 

angles of the norbomene fragments (molecules) so far studied The same sltua- 
tlon exists m the case of the norbomane moiety, as has been carefully docu- 
mented by Sundaralmgam and associates [27] However, as a result of the high 
degree of Internal self-consistency, particularly in bond lengths, we feel confi- 
dent that our descnptlon of the norbomene moiety IS highly reliable 

C The CoN,O,C, fragment 
This fragment 1s interesting because, so far, there are no descnptlons in the 

structural literature for p-mtroso cobalt denvatlves Furthermore, httle IS known 
about ortho dmltroso orgamc compounds except for the study by Cady, et al_ 
1191 of hexamtrosobenzene, which turned out to be benzotnfuroxan Thus, the 
molecule contams three five-membered rings (CCNON) fused to the phenyl rmg, 
as shown below XV Note the existence of NO groups actmg as bndges to a C 
andan 

7-Y N 
0 

A pair of NO bridged iron compounds and three mtroxyl free radicals were also 
found in *the structural hterature. The structural results for these are presented 
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Wg 8 A staraographlc pncklng dInglam for the 6tcucturc 

TABLE 9 

BOND LENGTHS (A) AND ANGLhS (“1 OF TIIF CoN$$2 FRAGMENT AND CGMl’AltlSONS WIT11 111 LbVANT DATA 4VAILAIlI.L IN TllI LITk IlATURI 
Brldglng NO frrgments are bonded to two atoms, X nnd Y 
~“~‘-~--“....,..~-~ -__ I -_- - L-I- - -- -_ -- - - -- _- _ - - - - -I --____--_ 

Compound X Y X-N Y-N N-O X-N -0 Y-N-O X-N-Y IteRr 
EIICC 

- I-___-_c__ _ -- - ___ _ _ __ ___ _ -- -.“._ _ ---- 

I (C~H~)CO(C~H~N~O~) Co C 1 701(1) 1 402(h) 1 262(4) 129 40) 112 4(3) 11H 2(2) 1lllS 

t I I 704(j) 1 487(5) 1 247(4) 12H 9(3) 112 a(3) 118 2(2) study 

XIV Wkh~~~W~)z Fc PO 1768(O) 1 768(B) 1 2G4(12) 138 H(8) 130 R(8) 82 3(4) 18 

’ xv, Cf,(No)b c 0 1 320(12) a I 476(O) b 1 206(h) ” 135 6(U) 6 1188(h)6 105 7(9) b ID 

XVI I i(Pet)2NGlPF~c PC Pe 1 ElH(5) 1818(K) 1 103(B) 137 2(l) 137 2(l) 85 a(3) 20 

JCVIk CgHt~N2“2 d c C 1 417(7) 1 460(B) 1 267(K) I23 O(5) 122 Z(6) 114 B(5) 21 

XVItt C2&@&, e c c 1487(8) 14DG(G) i 27a(6) 1lG 4(b) i 16 a(e) 123 O(6) 22 

XIX CplI!8NG2’ c c 1 409(c)) 1 4aa(a) 1201(7) 110 2(5) 116 2(5) 121,4(5) 23 
, ----..-_--_ _----____ _ _ _ _ _- _“______ -__ _- 
a hteirn and ad from mean (In psrcntheses) of rlx indopundcnt dotermlnntlons 
f Lb the lkand N,N’dlmcthyl N,N’-bLa(B-merceptocLhyl~ethylon~diamlnr d 

b hlcun nnd II d from mcun (In ]~nrcnthcocs) of tllrou indcpLndcnt dctermlnatlons 

frbt mdlcal conWnlng II puckered shvmcmbered (CSN) ring 
Thls la 8 oltroxyl free mdlcol contnlning II flva m@mbcrLd (C’4N) ring ’ 1 his la o nltroxyl 
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in Table 9 It IS clear from Table 9 that there 1s much danger m attemptmg to 
compare structural data obtained for compounds of varying chemical composl- 
tron and structure However, there 1s stnkmg Internal consistency m the results 
for the three free radicals Note that as the C-N-C angle mcreases from 114 8(5) 
to 123 9(5) to 125 4(5)” m XVII, XVIII, and XIX, respectively, the C-N and 
N-O distances also mcrease There is, at the same time, a decrease m the C-N-O 
angle which is very prominent between XVII and XVIII (or XIX). The lack of a 
difference in the C-N-O angle between XVIII and XIX IS, no doubt, due to the 
small difference m their C-N-C angles However, the variations observed m 
these compounds are largely self-consistent and sensible 

When we compare our results with those found for XIV, we note that the 
Co-N distance 1s identiral with the Fe-N distance and that the twc N-O dis- 
tances also agree very well However, there are araskc differences in the values 
of the X-N-Y angles, the angle at the bndgmg mtrogen, and the metal-N-O 
and Y-N-O angles If we compare with XV, we note that the N-O distances 
disagree significantly (7 a) even though one of the Y-N distances IS nearly iden- 
tical and the various angles listed are m closer agreement than between I and 
XIV Overall, the various angles at the nitrogen and the N--O distance m I re- 
semble most those found in the mtrosyl senes of free radicals Interestingly 
enough, the N-O stretchmg frequency m I 1s 1357 cm-’ which IS quite close to 
that found in the mtroxyl series, viz. 1345 cm-’ [283. This 1s a characteristic 
stretching frequency for these substances The scretchmg frequency normally 
associated with bndgmg NO groups 1s around 155G cm-‘, as pomted out else- 
where by Rmg 1291. The lowest frequency quoted for a bent mtrosyl group m 
the very complete and recent review on mtrosyl chemistry [30] 1s that for [Co- 
(das),(NO)(NCS)]’ (das = o-phenylenebs(dlmethylarsme)) where Y(NO) = 1587 
and 1561 cm-‘_ The metal-N-O angle m this compound LS 134(2)“, quite close 
to that m I Thus, the 5,6&nitrosonorbornene fragment of I behaves structural- 
ly and m its stretching frequency characteristics hke a mtrosyl free radical 
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