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+ R e d C d C d C d C d R e + A d d u cts a n d a  R a di c al  C ati o n i n

W hi c h  C h ar g e Is  D el o c ali z e d b et w e e n  R h e ni u m  T er mi ni

M o ni k a  B r a d y, 1 W ei qi n g  W e n g, 1 Y u a nli n  Z h o u, 1 J eff e r y  W. S e yl e r, 1

A n g el o J.  A m o r os o, 1 Att a  M.  A rif, 1 M a rlis  B o 1 h m e, 2 G e r n ot  F r e n ki n g, * , 2 a n d
J.  A.  Gl a d ys z * , 1

C o ntri b uti o n fr o m t h e  D e p art m e nt of  C h e mistr y,  U ni V ersit y of  Ut a h, S alt L a k e  Cit y,  Ut a h 8 4 1 1 2,
a n d t h e  F a c h b er ei c h  C h e mi e,  P hili p ps- U ni V ersit ä t  M ar b ur g,  H a ns- M e er w ei n- Str ass e,
D- 3 5 0 3 7  M ar b ur g,  G er m a n y

R e c ei V e d S e pt e m b er 1 0, 1 9 9 6 X

A bst r a ct: R e a cti o n of ( η 5 - C5 M e 5 ) R e( N O)( P P h3 )( Ct C H) a n d  C u( O A c) 2 ( 1. 5 e q ui v, 8 0 ° C, p yri di n e) gi v es t h e or a n g e-
br o w n  R e C 4 R e c o m pl e x ( η 5 - C5 M e 5 ) R e( N O)( P P h3 )( Ct C C t C)( P h 3 P)( O N) R e( η 5 - C5 M e 5 ) (2 , 8 8 %) as a 5 0: 5 0
di ast er e o m er  mi xt ur e.  Cr yst alli z ati o n aff or ds ( S S ,R R )-2 ‚2 C H 2 Cl 2 a n d s ol uti o ns e nri c h e d i n ( S R ,R S )-2 (m es o ).  A d diti o n
of  A g + P F 6

- (g 2 e q ui v) yi el ds d e e p bl u e ( S S ,R R )- a n d (S R ,R S )-2 2 + 2 P F 6
- ( 8 6 %),  w hi c h gi v e t w o g e o m etri c is o m ers

( 6 2: 3 8, 8 9: 1 1;  C D2 Cl 2 , - 9 3 ° C) a b o ut t h e + R e d C d C d C d C d R e + li n k a g es.  Cr yst al str u ct ur es of (S S ,R R )-2 ‚2 C H 2 -
Cl 2 a n d ( S S ,R R )-2 2 + 2 P F 6

- s h o w  R e C 4 R e u nits  wit h b o n d a n gl es ( 1 6 9 - 1 7 8 °) a n d l e n gt hs ( C t C, 1. 2 0 2( 7);  C - C
1. 3 9 8( 5);  C d C 1. 2 6 0 - 1. 3 0 5( 1 0)  Å) n e ar t h os e of b ut a di y n e or c u m ul e n es.  N at ur al b o n d or d er a n al ysis a n d t o p ol o gi c al
el e ctr o n d e nsit y c al c ul ati o ns c o nfir m t h e v al e n c e f or m ul ati o ns.  R e a cti o ns of ( S S ,R R )-2 wit h ( S S ,R R )-2 2 + 2 P F 6

- or
A g + P F 6

- ( 1 e q ui v) gi v e a gr e e n r a di c al c ati o n (S S ,R R )-2 • +P F 6
- (µ ) 1. 7 4 µ B ; F ar a d a y  m et h o d). E ° d at a yi el d a K c

v al u e of 1. 1 × 1 0 9 ( C H2 Cl 2 , 2 2. 5 ° C) f or t h e c o m pr o p orti o n ati o n.  E S R s p e ctr a s h o w u n d e c ets  wit h A is o, R e v al u es
( 9 8  G) h alf t h os e of r el at e d  m o n or h e ni u m r a di c al c ati o ns, i n di c ati n g s pi n d el o c ali z ati o n o v er t w o r h e ni u ms ( I )
5/ 2).  A c c or di n gl y, I R s p e ctr a gi v e o nl y o n e υ N O b a n d, p ositi o n e d b et w e e n t h os e of 2 a n d 2 2 + 2 P F 6

- ( C H2 Cl 2 , 1 6 6 5
vs 1 6 2 3/ 1 7 1 9 c m - 1 ).  N e ar I R s p e ctr a s h o w u ni q u e s ol v e nt-i n d e p e n d e nt b a n ds ( 8 8 3, 1 0 0 0, 1 2 0 0 n m; 1 5 0 0 0, 9 4 0 0,
3 2 0 0  M - 1 c m - 1 ). S o di u m n a p ht h al e ni d e r e d u c es (S S ,R R )- or (S R ,R S )-2 • +P F 6

- t o (S S ,R R )- or (S R , R S )-2 , est a blis hi n g
c o nfi g ur ati o n al st a bilit y.  T h es e a n d r el at e d d at a ar e a n al y z e d i n d et ail.

N u m er o us bi m et alli c c o m pl e x es h a v e b e e n pr e p ar e d i n  w hi c h
t h e  m et als ar e li n k e d b y u ns at ur at e d li g a n ds.3 A m o n g  m a n y
attri b ut es, t h e bri d gi n g  m oi et y c a n  m e di at e s e v er al t y p es of
c h ar g e tr a nsf er p h e n o m e n a. 4 S o m e, s u c h as p h ot oi n d u c e d
el e ctr o n tr a nsf er 5 or h y p er p ol ari z a bilit y, 6 ar e of p ot e nti al pr a cti-
c al i m p ort a n c e.  Ot h ers, s u c h as el e ctr o n d el o c ali z ati o n i n  mi x e d
v al e n c e c o m p o u n ds, 4, 7 h a v e c o nsi d er a bl e t h e or eti c al i m p ort a n c e.
M u c h eff ort h as b e e n dir e ct e d at t h e “t u ni n g ” or o pti mi z ati o n
of t h es e pr o p erti es,  w hi c h h a v e r e c ei v e d p arti c ul ar att e nti o n a n d
s p e c ul ati o n fr o m t h e st a n d p oi nts of n o nli n e ar o pti cs 6 a n d
m ol e c ul ar d e vi c es s u c h as  wir es a n d s wit c h es. 3, 4, 8

W e h a v e b e e n attr a ct e d t o bi m et alli c c o m pl e x es  w h er e t h e
m et als ar e li n k e d b y t h e  m ost b asi c a n d f u n d a m e nt al cl ass of
u ns at ur at e d or g a ni c li g a n d s a n s p c ar b o n c h ai n. 9 T h e d e v el o p-
m e nt of s u c h c o m p o u n ds,  w hi c h h a v e t h e g e n er al f or m ul a  L n -

M C x M ′L ′n ′ (I ), h as l a g g e d s o m e w h at b e hi n d t h os e  wit h ot h er
t y p es of u ns at ur at e d bri d g es.3, 7 H o w e v er, t h e y ar e n o w u n d er
i nt e ns e st u d y i n n u m er o us l a b or at ori es a n d r el ati v el y c o m m o n
f or x ) 2. 1 0, 1 1 F urt h er m or e,  m ulti pl e r e d o x st at es ar e p ossi bl e,
as e x e m plifi e d f or e v e n c ar b o n c h ai ns b y I a- I c i n S c h e m e 1.
T h es e diff er b y t w o el e ctr o n i n cr e m e nts a n d t h e n u m b ers of
b o n ds b et w e e n t h e t er mi n al c ar b o ns a n d e n d gr o u ps.  B ot h I a
a n d I c h a v e p ol y al k y n yl c h ai ns  wit h alt er n ati n g si n gl e a n d tri pl e
b o n ds,  w h er e as I b h as a c u m ul e ni c c h ai n c o m pris e d of d o u bl e
b o n ds. I nt er m e di at e r a di c al i o ns as  w ell as alt er n ati v e r es o n a n c e
f or ms or gr o u n d st at e v al e n c e f or m ul ati o ns ar e als o p ossi bl e.

W e h a v e s o u g ht t o s y nt h esi z e a h o m ol o g o us s eri es of
c o m pl e x es I wit h b ot h s h ort a n d l o n g c ar b o n c h ai ns a n d

X A bstr a ct p u blis h e d i n A d V a n c e  A C S  A bstr a cts, J a n u ar y 1, 1 9 9 7.
( 1)  U ni v ersit y of  Ut a h.
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M et al  C h e mistr y ;  V C H:  N e w  Y or k, 1 9 9 5; P art I.
( 5) S o m e r e c e nt l e a d p a p ers: ( a)  Li n,  V. S.- Y.;  Di M a g n o, S.  G.;  T h eri e n,

M. J. S ci e n c e 1 9 9 4 , 2 6 4 , 1 1 0 5. ( b) S a u v a g e, J.- P.;  C olli n, J.- P.;  C h a m br o n,
J.- C.;  G uill er e z, S.;  C o u dr et,  C.;  B al z a ni,  V.;  B ari g ell etti, F.;  D e  C ol a,  L.;
Fl a mi g ni,  L. C h e m.  R e V . 1 9 9 4 , 9 4 , 9 9 3.

( 6)  L o n g,  N. J. A n g e w.  C h e m., I nt.  E d.  E n gl. 1 9 9 5 , 3 4 , 2 1.
( 7) ( a)  Cr e ut z,  C. Pr o g . I n or g. C h e m . 1 9 8 3 , 3 0 , 1. ( b)  Cr ut c hl e y,  R. J.

A d V . I n or g. C h e m . 1 9 9 4 , 4 1 , 2 7 3.
( 8) S e e t h e f oll o wi n g r e vi e ws, a n d r ef er e n c es cit e d t h er ei n: ( a)  W ar d,

M.  D. C h e m . I n d. 1 9 9 6 , 5 6 8. ( b)  H arri m a n,  A.;  Zi ess el,  R. J.  C h e m. S o c.,
C h e m.  C o m m u n. 1 9 9 6 , 1 7 0 7.

( 9)  L a g o w,  R. J.;  K a m p a, J. J.;  W ei,  H.- C.;  B attl e, S.  L.;  G e n g e, J.  W.;
L a u d e,  D.  A.;  H ar p er,  C. J.;  B a u,  R.; St e v e ns,  R.  C.;  H a w, J. F.;  M u ns o n,
E. S ci e n c e 1 9 9 5 , 2 6 7 , 3 6 2.

( 1 0)  G e n er al r e vi e ws or p ers p e cti v es: ( a)  B e c k,  W.;  Ni e m er,  B.;  Wi es er,
M. A n g e w . C h e m ., I nt. E d . E n gl . 1 9 9 3 , 3 2 , 9 2 3. ( b)  L a n g,  H. A n g e w . C h e m .,
I nt. E d . E n gl . 1 9 9 4 , 3 3 , 5 4 7. ( c)  B u n z,  U. A n g e w.  C h e m., I nt.  E d.  E n gl.
1 9 9 6 , 3 5 , 9 6 9.

( 1 1)  R e vi e w of  C2 c o m pl e x es:  A kit a,  M.;  M or o- o k a,  Y. B ull . C h e m .
S o c . J p n . 1 9 9 5 , 6 8 , 4 2 0.
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7 7 5J.  A m.  C h e m. S o c. 1 9 9 7, 1 1 9, 7 7 5 - 7 8 8
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s yst e m ati c all y c h ar a ct eri z e k e y str u ct ur al, el e ctr o ni c, a n d c h e mi-
c al pr o p erti es as f u n cti o ns of r e d o x st at es a n d c h ai n l e n gt hs. 1 2 - 1 5

T h es e eff orts h a v e e m p h asi z e d t h e st eri c all y c o n g est e d a n d
str o n gl y π d o n ati n g c hir al r h e ni u m e n d gr o u p ( η 5 - C5 M e 5 ) R e-
( N O)( P P h3 ) (II - M e5 ),  w hi c h c arri es 1 7 v al e n c e el e ctr o ns as a
n e utr al s p e ci es.  O n t h e b asis of d at a  wit h ot h er ri gi d bri d gi n g
li g a n ds,1 6 w e h a v e o p er at e d u n d er t h e pr e mis e t h at t h e s h ort est
e V e n c ar b o n c h ai n c a p a bl e of s p a n ni n g t w o s u c h fr a g m e nts
w o ul d b e f o ur. I nt er esti n gl y, r e c e nt d at a f or s p c ar b o n c h ai ns
t h at b e ar or g a ni c e n d gr o u ps s u g g est t h at t h er e  m a y b e n o
pr a cti c al u p p er li mit o n l e n gt h 9 s a n attr a cti v e s c e n ari o f or
p ossi bl e d e vi c e-li k e a p pli c ati o ns.

S ur prisi n gl y,  w h e n t his st u d y  w as l a u n c h e d, n o c o m pl e x es
of t h e t y p e I h a d b e e n g e n er at e d i n  m or e t h a n o n e r e d o x st at e. 1 2

H o w e v er, n e utr al al k y n yl (- C t C R) a n d c ati o ni c vi n yli d e n e
(d C d C R R ′) c o m pl e x es of II- M e5 s w hi c h c a n b e vi e w e d as
m o n o m et alli c a n al o gs of I a a n d I bs h a d pr o v e n e asil y is ol-
a bl e. 1 6, 1 7 T h us,  w e f elt t h er e  w as a g o o d c h a n c e t h at s p c ar b o n
c h ai ns  wit h II- M e5 e n d gr o u ps c o ul d b e a c c ess e d i n s e v er al r e d o x
st at es.  A c c or di n gl y, t h e s u c c essf ul r e ali z ati o n of t his o bj e cti v e
wit h  C 4 bri d g es is d et ail e d i n t h e n arr ati v e b el o w.  T h es e d at a
als o pr o vi d e a b as eli n e f or c o m p a ni o n st u di es t h at i n v ol v e
h o m ol o g o us  C 6 - C 2 0 c o m pl e x es 1 3 a n d a n al o gs  wit h b ul ki er a n d/
or  m or e el e ctr o n r el e asi n g p h os p hi n es. 1 8

I m p ort a nt c o m pl e m e nt ar y eff orts  wit h  C4 - C 8 c o m pl e x es of
ot h er  m et al fr a g m e nts h a v e a p p e ar e d fr o m s e v er al l a b or at o-
ri es.1 9, 2 0 T his  w or k h as b e e n s p e ar h e a d e d b y  L a pi nt e,  w h o h as
f o c us e d o n t h e a c hir al a n d  m or e el e ctr o n r el e asi n g ir o n e n d gr o u p
(η 5 - C5 M e 5 ) F e( d p p e).1 9 M u c h of his d at a  w er e r e p ort e d pri or
t o or c o n c urr e ntl y  wit h o ur o w n. F or c o m p ar ati v e p ur p os es,
att e m pts h a v e b e e n  m a d e t o r e c or d  m e as ur e m e nts u n d er si mil ar
c o n diti o ns i n b ot h l a b or at ori es. F urt h er m or e, c oll a b or ati o ns i n
pr o gr ess h a v e aff or d e d  C x c o m pl e x es t h at c o nt ai n b ot h ir o n a n d
r h e ni u m e n d gr o u ps a n d  will all o w  m or e p ers pi c a ci o us l e v els
of c o m p aris o ns. 2 1

R e s ults

1. µ - B ut a di y n e di yl  C o m pl e x es. R e a cti o n of t h e c hir al,
r a c e mi c r h e ni u m et h y n yl c o m pl e x (η 5 - C5 M e 5 ) R e( N O)( P P h3 )-
( Ct C H) ( 1 ) a n d n - B u Li i n  T H F at - 8 0 ° C gi v es t h e  C 2 Li
c o m pl e x ( η 5 - C5 M e 5 ) R e( N O)( P P h3 )( Ct C Li). 1 7 H o w e v er, a
v ari et y of att e m pts t o o xi d ati v el y c o u pl e t his s p e ci es  w er e
u ns u c c essf ul. 1 6 T h us, b y a n al o g y t o  w ell- k n o w n r e a cti o ns of
or g a ni c t er mi n al al k y n es, 2 2 t h e dir e ct c o u pli n g of 1 w as
i n v esti g at e d.  As s h o w n i n S c h e m e 2, 1 a n d  C u( O A c) 2 ( 1. 5
e q ui v)  w er e r e a ct e d i n p yri di n e at 8 0 ° C.  W or k u p g a v e t h e
air- st a bl e, or a n g e- br o w n µ - b ut a di y n e di yl c o m pl e x (η 5 - C5 -
M e 5 ) R e( N O)( P P h3 )( Ct C C t C)( P h 3 P)( O N) R e( η 5 - C5 M e 5 ) (2 ) i n
8 8 % yi el d.  N M R s p e ctr a s h o w e d t w o cl os el y s p a c e d s ets of
si g n als, i n di c ati v e of a 5 0: 5 0  mi xt ur e of di ast er e o m ers.  Cr yst al-
li z ati o n fr o m  C H2 Cl 2 / h e x a n e g a v e t h e di ast er e o m eri c all y p ur e
dl or “ r a c ” s ol v at e ( S S ,R R )-2 ‚2 C H 2 Cl 2 . S a m pl es e nri c h e d i n
t h e m es o di ast er e o m er ( S R ,R S )-2 w er e o bt ai n e d fr o m t h e
s u p er n at a nt. Is ot o pi c all y l a b el e d ( S S ,R R )-2 -1 3 C 4 w a s si mil arl y
pr e p ar e d, a n d di ast er e o m er c o nfi g ur ati o ns  w er e assi g n e d cr ys-
t all o gr a p hi c all y as d es cri b e d b el o w.

C o m pl e x 2 w as c h ar a ct eri z e d b y  mi cr o a n al ysis, a n d  N M R,
I R,  R a m a n, a n d  U V/ visi bl e s p e ctr os c o p y.  D at a ar e s u m m ari z e d
i n t h e  E x p eri m e nt al S e cti o n, a n d  m a n y f e at ur es ar e hi g hli g ht e d
b el o w.  L o w t e m p er at ur e 1 H or 3 1 P  N M R s p e ctr a di d n ot s h o w
a n y d e c o al es c e n c e p h e n o m e n a ( C D 2 Cl 2 , - 8 0 ° C;  T H F, - 1 1 0
° C).  T h e 1 3 C  N M R si g n als of t h e  C 4 c h ai n  w er e diffi c ult t o
d et e ct, b ut l a b el e d ( S S ,R R )-2 -1 3 C 4 g a v e i nt e ns e r es o n a n c es ( p p m,
C 6 D 6 ) at 9 5. 8 ( d d d, J C P /1 J C C /2 J C C ) 1 0. 9/ 9 6. 5/ 4 7. 1  H z) a n d
1 1 7. 5 ( d d, J C C /J C C ) 9 7. 2/ 4 7. 6  H z). 2 3 T h e f or m er  w as assi g n e d
as t h e  R e C si g n al fr o m t h e p h os p h or us c o u pli n g. F or c o m-
p aris o n, t h e et h y n yl c o m pl e x of II- M e5 e x hi bits  R e C t C si g n als

( 1 2) Pr eli mi n ar y c o m m u ni c ati o ns of t his  w or k: ( a)  Z h o u,  Y.; S e yl er, J.
W.;  W e n g,  W.;  Arif,  A.  M.;  Gl a d ys z, J.  A. J . A m . C h e m . S o c . 1 9 9 3 , 1 1 5 ,
8 5 0 9. ( b) S e yl er, J.  W.;  W e n g,  W.;  Z h o u,  Y.;  Gl a d ys z, J.  A. Or g a n o m et alli cs
1 9 9 3 , 1 2 , 3 8 0 2.

( 1 3) ( a)  Br a d y,  M.;  W e n g,  W.;  Gl a d ys z, J.  A. J . C h e m . S o c ., C h e m .
C o m m u n . 1 9 9 4 , 2 6 5 5. ( b)  B arti k,  T.;  B arti k,  B.;  Br a d y,  M.;  D e m bi ns ki,
R.;  Gl a d ys z, J.  A. A n g e w.  C h e m., I nt.  E d.  E n gl. 1 9 9 6 , 3 5 , 4 1 4. ( c)  B arti k,
B.;  D e m bi ns ki,  R.;  B arti k,  T.;  Arif,  A.  M.;  Gl a d ys z, J.  A. N e w J.  C h e mistr y
1 9 9 7 , i n pr ess.

( 1 4)  W e n g,  W.;  B arti k,  T. ;  Br a d y,  M.;  B arti k,  B.;  R a ms d e n, J.  A.;  Arif,
A.  M.;  Gl a d ys z, J.  A. J.  A m.  C h e m. S o c. 1 9 9 5 , 1 1 7 , 1 1 9 2 2.

( 1 5) ( a)  W e n g,  W.;  R a ms d e n, J.  A.;  Arif,  A.  M.;  Gl a d ys z, J.  A. J . A m .
C h e m . S o c . 1 9 9 3 , 1 1 5 , 3 8 2 4. ( b)  W e n g,  W.;  B arti k,  T.;  Gl a d ys z, J.  A.
A n g e w . C h e m ., I nt. E d . E n gl . 1 9 9 4 , 3 3 , 2 1 9 9.

( 1 6)  W e n g,  W.;  B arti k,  T.; J o h ns o n,  M.  T.;  Arif,  A.  M.;  Gl a d ys z, J.  A.
Or g a n o m et alli cs 1 9 9 5 , 1 4 , 8 8 9.

( 1 7)  R a ms d e n, J.  A.;  W e n g,  W.;  Gl a d ys z, J.  A. Or g a n o m et alli cs 1 9 9 2 ,
1 1 , 3 6 3 5.

( 1 8)  M e y er,  W.  E.;  A m or os o,  A. J.;  Gl a d ys z, J.  A.,  w or k i n pr o g-
r ess.

( 1 9) ( a)  L e  N ar v or,  N.;  L a pi nt e,  C. J . C h e m . S o c ., C h e m . C o m m u n .
1 9 9 3 , 3 5 7. ( b)  L e  N ar v or,  N.;  T o u p et,  L.;  L a pi nt e,  C. J . A m . C h e m . S o c .
1 9 9 5 , 1 1 7 , 7 1 2 9. ( c)  C o at, F.;  L a pi nt e,  C. Or g a n o m et alli cs 1 9 9 6 , 1 5 ,
4 7 7.

( 2 0)  Ot h er  Ln M C 4 M ′L ′n ′ c o m pl e x es: ( a) S o n o g as hir a,  K.;  K at a o k a, S.;
T a k a h as hi, S.;  H a gi h ar a,  N. J . Or g a n o m et . C h e m . 1 9 7 8 , 1 6 0 , 3 1 9. ( b)  W o n g,
A.;  K a n g, P.  C.  W.;  T a g g e,  C.  D.;  L e o n,  D.  R. Or g a n o m et alli cs 1 9 9 0 , 9 ,
1 9 9 2. ( c) F yf e,  H.  B.;  Ml e k u z,  M.;  Z ar g ari a n,  D.;  T a yl or,  N. J.;  M ar d er,  T.
B. J . C h e m . S o c ., C h e m . C o m m u n . 1 9 9 1 , 1 8 8. ( d) St a n g, P. J.;  T y k wi ns ki,
R. J . A m . C h e m . S o c . 1 9 9 2 , 1 1 4 , 4 4 1 1. ( e)  Cr es c e n zi,  R.; St er z o,  C.  L.
Or g a n o m et alli cs 1 9 9 2 , 1 1 , 4 3 0 1. (f)  R a p p ert,  T.;  N ür n b er g,  O.;  W er n er,
H. Or g a n o m et alli cs 1 9 9 3 , 1 2 , 1 3 5 9. ( g)  Br u c e,  M. I.;  Hi nt er di n g, P.;  Ti e ki n k,
E.  R.  T.; S k elt o n,  B.  W.;  W hit e,  A.  H. J . Or g a n o m et . C h e m . 1 9 9 3 , 4 5 0 ,
2 0 9. ( h)  Y a m,  V.  W.- W.;  L a u,  V.  C.- Y.;  C h e u n g,  K.- K. Or g a n o m et alli cs
1 9 9 6 , 1 5 , 1 7 4 0. (i)  G e v ert,  O.;  W olf, J.;  W er n er,  H. Or g a n o m et alli cs 1 9 9 6 ,
1 5 , 2 8 0 6. (j)  Vi ol a,  E.;  L o St er z o,  C.;  Tr e z zi, F. Or g a n o m et alli cs 1 9 9 6 , 1 5 ,
4 3 5 2.

( 2 1)  L a pi nt e,  C.;  Gl a d ys z, J.  A.; P a ul, F.;  M e y er,  W.  E.,  w or k i n pr o g-
r ess.

( 2 2)  E gli nt o n,  G.;  M c Cr a e,  W. A d V . Or g . C h e m . 1 9 6 3 , 4 , 2 2 5.
( 2 3)  T h e 1 J C C v al u es of t h e  R e C 4 R e c ar b o ns of ( S S ,R R )-2 a n d ( S S ,R R )-

2 2 + 2 P F 6
- ar e  m u c h s m all er t h a n i n or g a ni c  m o d el c o m p o u n ds s u c h as

b ut a di y n e a n d b ut atri e n e, pr es u m a bl y d u e t o e n h a n c e d s c h ar a ct er i n t h e
or bit als us e d f or σ b o n di n g t o t h e el e ctr o p ositi v e r h e ni u m. F or r el at e d
e x a m pl es a n d f urt h er a n al ysis, s e e:  C a ult o n,  K.  G.;  C a yt o n,  R.  H.;  C his h ol m,
M.  H.;  H uff m a n, J.  C.;  L o b k o vs k y,  E.  B.;  X u e,  Z. Or g a n o m et alli cs 1 9 9 2 ,
1 1 , 3 2 1 ( T a bl e  V).

S c h e m e 2. S y nt h es es of  N e utr al a n d  Di c ati o ni c  R e C 4 R e
C o m pl e x es

7 7 6 J.  A m.  C h e m. S o c.,  V ol. 1 1 9,  N o. 4, 1 9 9 7 Br a d y et al.



at 9 8. 0 ( d, J C P ) 1 5. 8  H z) a n d 1 1 6. 0 (s). 1 7 I R s p e ctr a s h o w e d
υ C t C a n d υ N O b a n ds as s u m m ari z e d i n  T a bl e 1.  A  R a m a n
s p e ctr u m g a v e a n i nt e ns e υ C t C b a n d at hi g h er fr e q u e n c y ( ∆ c m - 1

9 2) b ut n o υ N O b a n d.  Wit h ( S S ,R R )-2 -1 3 C 4 , t h e i s ot o pi c all y
s hift e d υ C t C b a n d ( ∆ c m - 1 7 6)  w as  wit hi n 1 c m - 1 of t h e
c al c ul at e d v al u e.

C y cli c v olt a m m o gr a ms of ( S S ,R R )-2 w er e r e c or d e d i n  C H 3 -
C N a n d  C H 2 Cl 2 a s d es cri b e d i n Fi g ur e 1 a n d t h e  E x p eri m e nt al
S e cti o n.  T w o c h e mi c all y r e v ersi bl e o n e el e ctr o n o xi d ati o ns
o c c urr e d. 2 4 D e p e n di n g u p o n c o n v e nti o n, 2 5 t h e E ° 1 a n d E ° 2

v al u es  w er e + 0. 0 6 a n d + 0. 5 0  V or - 0. 1 2 a n d + 0. 3 2 V i n C H 3 -
C N ( ∆ E p 6 0  m V), a n d + 0. 1 1 a n d + 0. 6 4  V or + 0. 0 1 a n d + 0. 5 4
V i n C H 2 Cl 2 (∆ E p 9 0  m V). I n all c as es, t h e ia /ic r ati o  w as u nit y.
N o r e d u cti o ns  w er e o bs er v e d o ut t o t h e s ol v e nt-i m p os e d

c at h o di c li mits of - 0. 7 a n d - 1. 1  V ( or - 0. 9 a n d - 1. 2  V). 2 5 b

T h us, t h e c orr es p o n di n g r a di c al c ati o n ( S S ,R R )-2 • +X - a n d
di c ati o n ( S S ,R R )-2 2 + 2 X - w er e vi e w e d as f e asi bl e t ar g ets f or
s y nt h esis.  T h e pr e p ar ati o n of t h e l att er,  w hi c h  w as a nti ci p at e d
t o b e di a m a g n eti c,  w as att e m pt e d first.

2. µ - B ut at ri e n e di yli d e n e  C o m pl e x es. As s h o w n i n S c h e m e
2, ( S S ,R R )-2 a n d  A g + P F 6

- ( 2. 5 e q ui v)  w er e c o m bi n e d i n
t ol u e n e.  W or k u p g a v e t h e air st a bl e, d e e p bl u e, a n al yti c all y
p ur e µ - b ut atri e n e di yli d e n e c o m pl e x (S S ,R R )-2 2 + 2 P F 6

- i n 8 6 %
yi el d.  T h e l a b el e d c o m pl e x ( S S ,R R )-2 2 + -1 3 C 4 2 P F 6

- , a n d
s a m pl es e nri c h e d i n t h e m es o di ast er e o m er ( S R ,R S )-2 2 + 2 P F 6

- ,
w er e si mil arl y pr e p ar e d.  All c o m p o u n ds  w er e c h ar a ct eri z e d
a n al o g o usl y t o 2 .  T h e 1 3 C  N M R s p e ctr u m of ( S S ,R R )-2 2 + -1 3 C 4

2 P F 6
- s h o w e d a c h ar a ct eristi c d o w nfi el d  R e d C si g n al ( p p m,

C D 2 Cl 2 ) at 3 0 5. 1 ( d d d, J C P /1 J C C /2 J C C ) 1 2. 3/ 7 7. 0/ 4 0. 7  H z) a n d
a R e d C d C si g n al at 2 1 3. 5 ( d d, 1 J C C /2 J C C ) 7 7. 0/ 4 0. 7  H z). 2 3

F or c o m p aris o n, t h e vi n yli d e n e c o m pl e x of II- M e5 e x hi bits
R e d C d C H 2 si g n als at 3 3 0. 4 ( d, J C P ) 9. 5  H z) a n d 1 1 1. 6 (s). 1 6

T h e I R υ N O v al u e ( T a bl e 1)  w as  m u c h gr e at er t h a n t h at of 2 ,
c o nsist e nt  wit h r e d u c e d b a c k b o n di n g.  N o c u m ul e ni c I R υ C C

b a n ds  w er e d et e ct e d, b ut a n i nt e ns e  R a m a n a bs or pti o n o c c urr e d
at 1 8 8 3 c m - 1 .

U ns y m m etri c all y-s u bstit ut e d al k yli d e n e a n d vi n yli d e n e c o m-
pl e x es of II- M en gi v e g e o m etri c is o m ers t h at diff er i n t h e
ori e nt ati o n of t h e d C R R ′ t er mi ni a n d i nt er c o n v ert  wit h b arri ers
of 1 8 - 2 1 k c al/ m ol. 1 6, 1 7, 2 6, 2 7 Cr yst al str u ct ur es est a blis h  R e d C
c o nf or m ati o ns t h at all o w hi g h d e gr e es of o v erl a p of t h e c ar b o n
fr a g m e nt p a c c e pt or or bit als a n d t h e r h e ni u m fr a g m e nt d-t y p e
H O M O.  T h es e ar e ill ustr at e d b y t h e i d e ali z e d  N e w m a n-t y p e
pr oj e cti o ns III ( al k yli d e n e) a n d I V ( vi n yli d e n e) i n S c h e m e 3.2 8

It c a n si mil arl y b e d eri v e d t h at (S S ,R R )- a n d (S R ,R S )-2 2 + 2 P F 6
-

s h o ul d gi v e g e o m etri c is o m ers of str u ct ur es V /VI a n d VII /VIII ,
r es p e cti v el y.2 8 A c c or di n gl y,  w h e n 3 1 P  N M R s p e ctr a  w er e
r e c or d e d i n  C D2 Cl 2 at - 9 3 ° C, t w o r es o n a n c es  w er e o bs er v e d
f or e a c h di ast er e o m er (S S ,R R : 2 6. 8/ 2 8. 4 p p m, 6 2: 3 8; S R ,R S :
2 6. 1/ 2 8. 2 p p m, 8 9: 1 1).  R e pr es e nt ati v e s p e ctr a ar e s h o w n i n
Fi g ur e 2.

C o nsi d er t h e c as e of ( S S ,R R )-2 2 + 2 P F 6
- .  T h e b ul k y P P h3

li g a n ds o n e a c h t er mi n us ar e a nti i n V b ut s y n i n VI .  T h er ef or e,
V a n d VI ar e assi g n e d as t h e  m aj or a n d  mi n or g e o m etri c
is o m ers, r es p e cti v el y.  Wit h (S R ,R S )-2 2 + 2 P F 6

- , V II all o ws a
st a g g er e d arr a n g e m e nt of t h e t hr e e li g a n ds o n e a c h t er mi n us,
wit h t h e P P h 3 ( a n d p e nt a m et h yl c y cl o p e nt a di e n yl) gr o u ps a nti .
H o w e v er, VIII e nf or c es a n e cli ps e d arr a n g e m e nt of t h e li g a n ds
o n e a c h t er mi n us,  wit h t h e P P h 3 ( a n d p e nt a m et h yl c y cl o p e nt a-
di e n yl) gr o u ps s y n .  T h us, VII a n d VIII ar e assi g n e d as t h e
m aj or a n d  mi n or is o m ers.  T h e y  w o ul d l o gi c all y h a v e a gr e at er
fr e e e n er g y diff er e n c e t h a n V a n d VI , c o nsist e nt  wit h t h e
i n cr e as e d is o m er r ati o.  H e n c e, t h er e is a n a p pr e ci a bl e d e gr e e
of st eri c c o m m u ni c ati o n a cr oss t h e  C 4 c h ai n.

W h e n  N M R s a m pl es  w er e  w ar m e d, t h e 3 1 P r es o n a n c es
m ar k e dl y s hift e d a n d br o a d e n e d, as s h o w n i n Fi g ur e 2.  T h e
S S ,R R a n d S R ,R S di ast er e o m ers g a v e o nl y o n e si g n al a b o v e - 2 2
a n d - 5 ° C, r es p e cti v el y.  H o w e v er, at hi g h er t e m p er at ur es ( 3 2,
4 2, 4 7 ° C), t h e p e a ks di d n ot si g nifi c a ntl y s h ar p e n. F or
c o m p aris o n, v ari a bl e t e m p er at ur e  N M R s p e ctr a of ( S S ,R R )-2
w er e si mil arl y r e c or d e d.  B et w e e n - 5 0 a n d - 1 0 ° C, t h e 3 1 P

( 2 4)  T h e S S ,R R di ast er e o m er a n d s a m pl es e nri c h e d i n t h e S R ,R S
di ast er e o m er g a v e i d e nti c al d at a.

( 2 5) ( a)  T o d at e, all E ° v al u es fr o m o ur l a b or at or y h a v e b e e n c o nsist e ntl y
r e p ort e d r el ati v e t o a f err o c e n e E °′ v al u e of 0. 5 6  V. 1 2 b, 1 3 a, b, 1 4 A r e c e nt
a ut h orit ati v e r e vi e w 2 5 d h a s pr o p os e d pr ot o c ols f or st a n d ar di zi n g E ° v al u es
fr o m a v ari et y of s ol v e nt/ el e ctr ol yt e c o m bi n ati o ns t o a c o m m o n S C E
r ef er e n c e.  T h es e e m pl o y f err o c e n e E °′ v al u es of 0. 3 8  V i n  C H 3 C N/ n - B u4 N +

Cl O 4
- a n d 0. 4 6  V i n  C H 2 Cl 2 /n - B u4 N + P F 6

- .2 5 d I n or d er t o f a cilit at e
c o m p aris o ns of o ur E ° v al u es  wit h ot h ers i n t h e lit er at ur e, t his c o n v e nti o n
( utili z e d f or Fi g ur e 1)  will b e a d o pt e d h e n c e w ort h.  R e vis e d v al u es f or d at a
r e p ort e d els e w h er e1 3 a, b, 1 4 will b e gi v e n i n f ut ur e f ull p a p ers. ( b)  R e vis e d
E ° 1 a n d E ° 2 v al u es f or 2 ar e t h er e b y - 0. 1 2 a n d 0. 3 2  V i n  C H 3 C N a n d 0. 0 1
V a n d 0. 5 4  V i n  C H 2 Cl 2 . ( c)  T h e E ° 1 a n d E ° 2 v al u es r e p ort e d f or t h e F e C 4 -
F e c o m pl e x 3 (- 0. 6 7 5 a n d 0. 0 4 5  V,  C H 2 Cl 2 /n - B u4 N + P F 6

- ) ar e r el ati v e t o
a f err o c e n e E °′ v al u e of 0. 4 2 0  V, 1 9 a n d t h er ef or e cl os el y c o m p ar a bl e t o
t h os e i n ( b). ( d)  C o n n ell y,  N.  G.;  G ei g er,  W.  E. C h e m.  R e V . 1 9 9 6 , 9 6 , 8 7 7.

( 2 6)  N M R d at a b o u n d t h e  R ed C r ot ati o n al b arri er i n t h e  m et h yli d e n e
c o m pl e x of II- M e5 a s > 1 9 k c al/ m ol ( 1 1 4 ° C): P att o n,  A.  T.; Str o us e,  C.
E.;  K n o bl er,  C.  B.;  Gl a d ys z, J.  A. J.  A m.  C h e m. S o c. 1 9 8 3 , 1 0 5 , 5 8 0 4.

( 2 7)  D at a f or a d d u cts of II- M e0 : ( a) S e n n,  D.  R.;  W o n g,  A.; P att o n,  A.
T.;  M arsi,  M.; Str o us e,  C.  E.;  Gl a d ys z, J.  A. J . A m . C h e m . S o c . 1 9 8 8 , 1 1 0 ,
6 0 9 6. ( b)  Ki el,  W.  A.;  Li n,  G.- Y.;  C o nst a bl e,  A.  G.;  M c C or mi c k, F.  B.;
Str o us e,  C.  E.;  Eis e nst ei n,  O.;  Gl a d ys z, J.  A. J.  A m.  C h e m. S o c. 1 9 8 2 , 1 0 4 ,
4 8 6 5. ( c)  K o w al c z y k, J. J.;  Arif,  A.  M.;  Gl a d ys z, J.  A. C h e m . B er . 1 9 9 1 ,
1 2 4 , 7 2 9 a n d r ef er e n c es t h er ei n.

( 2 8)  T h e P- R e - N b o n d a n gl es i n III - VIII ar e 9 0 ° , c o nsist e nt  wit h
t h e f or m all y o ct a h e dr al n at ur e of t h es e c o m pl e x es, a n d  m u c h cr yst all o gr a p hi c
d at a. 2 7

T a bl e 1. S u m m ar y of I R a n d  R a m a n  D at a ( c m - 1 )

c o m p d a m e di u m I R ν N O I R ν C C R a m a n ν C C
b

2 C H 2 Cl 2 1 6 2 3 s 1 9 6 4  w 2 0 5 6 s
K Br 1 6 2 9 s br 1 9 6 8  w
C H 3 C N 1 6 2 9 s 1 9 6 7  w
T H F 1 6 3 0 s 1 9 6 7  w

2 -1 3 C 4 C H 2 Cl 2 1 6 2 4 s 1 8 8 8 c w
2 • +P F 6

- C H 2 Cl 2 1 6 6 5 s 1 8 7 2  m 1 9 9 0 s
K Br 1 6 5 4 s br 1 8 7 0  m
C H 3 C N 1 6 6 5 s 1 8 7 2  m
T H F 1 6 6 8 s 1 8 7 1  m

2 • +-1 3 C 4 P F 6
- C H 2 Cl 2 1 6 6 8 s 1 7 9 9 d m

K Br 1 6 5 5 s 1 7 9 9  m
2 2 + 2 P F 6

- C H 2 Cl 2 1 7 1 9 s n ot o bs. 1 8 8 3 s
K Br 1 6 9 2 s br n ot o bs.
C H 3 C N 1 7 2 5 s n ot o bs.

2 2 + -1 3 C 4 2 P F 6
- C H 2 Cl 2 1 7 1 2 s n ot o bs.

a S S ,R R a n d S R ,R S di ast er e o m ers g a v e i d e nti c al s p e ctr a. b R a m a n
s p e ctr a di d n ot s h o w ν N O b a n ds. c C al c ul at e d, 1 8 8 7. d C al c ul at e d, 1 7 9 9.

Fi g u r e 1. C y cli c v olt a m m o gr a ms of ( S S ,R R )-2 ( 1 0 0  m V/s): s oli d tr a c e,
2 × 1 0 - 3 M i n 0. 1  M n - B u4 N + B F 4

- / C H2 Cl 2 , E°′ (f err o c e n e) ) 0. 4 6
V; 2 5 d a s h e d tr a c e, 3 × 1 0 - 3 M i n 0. 1 M Et 4 N + Cl O 4

- / C H3 C N, E °′ -
(f err o c e n e) ) 0. 3 8  V. 2 5

C o ns a n g ui n e o us  F a mili es of  C o or di n at e d  C ar b o n J.  A m.  C h e m. S o c.,  V ol. 1 1 9,  N o. 4, 1 9 9 7 7 7 7



resonance shifted by 16.6 Hz (0.12 ppm), whereas those of
(SS,RR)-22+2PF6- shifted by 71.9 and 152.5 Hz (0.59 and 1.26
ppm). Interestingly, the pentamethylcyclopentadienyl 1H reso-
nances shifted by comparable amounts (19.7 vs 19.4 Hz, -50
to -20 °C).
We were concerned that 22+2PF6- might have a low-lying,

biradical-like, triplet excited state (S ) 1). Such equilibria are
commonly temperature dependent, and evidenced by marked
changes in NMR chemical shifts.29 Furthermore, Lapinte’s data
for a related FeC4Fe complex (below) suggest a very close and
possibly inverted singlet/triplet energy spacing.19a,b However,
22+2PF6- did not give a detectable ESR signal (CH2Cl2), and
other probes described below gave similarly negative results.
Hence, we provisionally interpret Figure 2 as reflecting two
consecutive coalescences ( Gq(Tc) 11.6-11.9 and 12.3-13.5
kcal/mol)30 involving resonances and underlying equilibria that
are highly temperature dependent.
3. Crystal Structures. The crystal structures of (SS,RR)-

2 2CH2Cl2 and (SS,RR)-22+2PF6- were determined as outlined
in Table 2 and the Experimental Section. With the latter, data
were acquired at -100 °C. Results of an ambient temperature
(16 °C) structure determination were reported in our original

communication.12a Key bond lengths, bond angles, and plane/
plane angles are listed in Table 3. For (SS,RR)-2 2CH2Cl2, the
ReC4Re midpoint is coincident with a crystallographic inversion
center, giving equivalent rhenium termini. As shown in Figures
3 and 4, both compounds have nearly linear ReC4Re moieties,
with Re-C-C and C-C-C bond angles ranging from 169° to
178°.
Complex (SS,RR)-2 exhibits CtC and C-C bond lengths

(1.202(7), 1.389(5) Å) very close to those in butadiyne (1.218-
(2), 1.384(2) Å)31 and three other structurally characterized
MCtCCtCM species (M ) Ru/Re/Rh: 1.217(4)/1.19(2)/
1.205(5), 1.370(6)/1.43(4)/1.388(7) Å).20g,h,i The Re-C bond
length (2.037(5) Å) is similar to those in other CtCX adducts
of II-Me5 (2.079(9), 2.032(7) Å).13c,14 Complex (SS,RR)-22+

2PF6- exhibits RedC bond lengths (1.909(7)/1.916(7) Å) close
to that in a related compound with a +RedCdCdCdMn
linkage (1.91(1) Å).15a The CdC bond lengths (1.263(10)/
1.260(10), 1.305(10) Å) are near those of butatriene (1.283-
(5)-1.318(5) Å) and the one hexapentaene that has been
structurally characterized to date (1.259-1.339 Å).32
As shown graphically in Figure 4 (bottom), the CdC bond

lengths in these compounds give alternating short/long patterns.

(29) (a) Kriley, C. E.; Fanwick, P. E.; Rothwell, I. P. J. Am. Chem. Soc.
1994, 116, 5225. (b) Cotton, F. A.; Eglin, J. L.; Hong, B.; James, C. A. J.
Am. Chem. Soc. 1992, 114, 4915. (c) Hopkins, M. D.; Zietlow, T. C.;
Miskowski, V. M.; Gray, H. B. J. Am. Chem. Soc. 1985, 107, 510.

(30) Sandström, J. Dynamic NMR Spectroscopy; Academic Press: New
York, 1982.

(31) Tanimoto, M.; Kuchitsu, K.; Morino, Y. Bull. Chem. Soc. Jpn. 1971,
44, 386.

(32) (a) Almenningen, A.; Bastiansen, O.; Trætteberg, M. Acta Chem.
Scand. 1961, 15, 1557. (b) Irngartinger, H.; Götzmann, W. Angew. Chem.,
Int. Ed. Engl. 1986, 25, 340. (c) See, also: Morimoto, Y.; Higuchi, Y.;
Wakamatsu, K.; Oshima, K.; Utimoto, K.; Yasuoka, N. Bull. Chem. Soc.
Jpn. 1989, 62, 639.

Scheme 3. Relationship between the HOMO of the
Rhenium Fragment II+-Men and Conformations of
Alkylidene (III), Vinylidene (IV), and -Butatrienediylidene
(V-VIII) Adducts

Figure 2. Variable temperature 31P{1H} NMR spectra of a 17:83
mixture of (SS,RR)-22+2PF6- and (SR,RS)-22+2PF6- in CD2Cl2.
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T his is  w ell d o c u m e nt e d f or b ut atri e n es,  w h er e t h e i nt eri or s p/
s p  C d C b o n d is s h ort er t h a n t h e t er mi n al s p/s p 2 C d C b o n ds. 3 2

H o w e v er, t h e i nt eri or s p/s p  C d C b o n ds of t h e h e x a p e nt a e n e
als o v ar y a p pr e ci a bl y. 3 2 b I nt er esti n gl y, (S S ,R R )-2 2 + 2 P F 6

- gi v es
a p att er n o p p osit e t o t h at of b ut atri e n e b ut a n al o g o us t o t h e
h e x a p e nt a e n e. 3 3 Si n c e t h e h e x a p e nt a e n e h as t h e s a m e n u m b er
of s p c ar b o ns a n d π b o n ds as 2 2 + 2 P F 6

- , it li k el y c o nstit ut es a
b ett er str u ct ur al  m o d el.  C o m p ut ati o n al d at a a n d f urt h er a n al ys es
ar e pr es e nt e d b el o w.

T h e  R e C 4 R e li n k a g e s i n ( S S ,R R )-2 a n d ( S S ,R R )-2 2 + 2 P F 6
-

c o nt ai n t h e s a m e n u m b er of σ b o n ds (fi v e) b ut diff er e nt n u m b ers
of π b o n ds (f o ur vs fi v e).  A c c or di n gl y, t h e r h e ni u m - r h e ni u m
dist a n c e c o ntr a cts fr o m 7. 8 2 8 8( 4) t o 7. 6 3 5 0( 8)  Å u p o n o xi d ati o n
( 1 6 ° C v al u es), d es pit e t h e p ot e nti al f or el e ctr ost ati c r e p ulsi o n.
T h e a n gl e of t h e P - R e - C pl a n es a b o ut t h e el e ctr o ni c all y
u n c o nstr ai n e d  C t C C t C bri d g e i n ( S S ,R R )-2 is 1 4 8 ° ( Fi g ur e
3), gi vi n g a n a p pr o xi m at el y a nti arr a n g e m e nt of t h e b ul k y P P h 3

li g a n ds a n d a pl a usi bl e st eri c e n er g y  mi ni m u m.  H o w e v er, t h e
c orr es p o n di n g a n gl e i n ( S S ,R R )-2 2 + 2 P F 6

- i s 2 3° ( Fi g ur e 4),
pl a ci n g t h e P P h 3 li g a n ds s y n as i n t h e l ess st a bl e i d e ali z e d
g e o m etri c is o m er VI ( S c h e m e 3).  A n a nti ori e nt ati o n, as i n V ,
w o ul d h a v e als o b e e n c o nsist e nt  wit h a p ur el y st eri c e n er g y
mi ni m u m.  T h us, t h e c o ntr ast eri c arr a n g e m e nt pr o vi d es f urt h er
e vi d e n c e f or t h e el e ctr o ni c c o nf or m ati o n- d et er mi ni n g f a ct ors

( 3 3) Si n c e t h e  Cd C b o n d l e n gt hs i n ( S S ,R R )-2 2 + 2 P F 6
- ar e  wit hi n t hr e e

es d v al u es of e a c h ot h er, it c a n b e q u esti o n e d  w h et h er t h e y ar e st atisti c all y
diff er e nt.  H o w e v er, n ot e t h at t h e tr e n d is r e pr o d u c e d i n t w o i n d e p e n d e nt
d et er mi n ati o ns (f o ot n ot e a,  T a bl e 3).

T a bl e 2. S u m m ar y of  Cr yst all o gr a p hi c  D at a f or ( S S ,R R )-2 ‚2 C H 2 Cl 2 a n d ( S S ,R R )-2 2 + 2 P F 6
-

m ol e c ul ar f or m ul a C 6 2 H 6 4 Cl 4 N 2 O 2 P 2 R e 2 C 6 0 H 6 0 F 1 2 N 2 O 2 P 4 R e 2

m ol e c ul ar  w ei g ht 1 4 4 5. 3 7 4 1 5 6 5. 4 3 6
cr yst al s yst e m  m o n o cli ni c  m o n o cli ni c
s p a c e gr o u p C 2 /c P 2 1 /c
t e m p of c oll e cti o n (° C) 1 6 - 1 0 0
c ell di m e nsi o ns

a ,  Å 2 6. 8 9 8( 8) 1 7. 3 8 8( 6)
b ,  Å 1 1. 4 3 7( 3) 2 0. 4 8 4( 3)
c ,  Å 1 9. 6 1 3( 4) 1 7. 4 1 1( 4)
, d e g 9 5. 1 7 2( 2) 1 0 8. 1 2( 2)

V , Å3 6 0 0 8. 9 7 5 8 9 4( 3)
Z 4 4

d c al c , g/ c m3 1. 5 9 8 1. 7 6 4
d f o u n d, g/ c m3 ( 2 2 ° C) 1. 6 0 2 1. 7 3 4
cr yst al di m e nsi o ns,  m m 0. 3 3 × 0. 3 1 × 0. 2 8 0. 3 1 × 0. 2 8 × 0. 2 5
diffr a ct o m et er C A D 4 C A D 4
r a di ati o n ( Å) M o  K R ( 0. 7 0 9 3 0) M o  K R ( 0. 7 0 9 3 0)
d at a c oll e cti o n  m et h o d θ - 2 θ θ - 2 θ
s c a n s p e e d, d e g/ mi n v ari a bl e v ari a bl e
r efl e cti o ns  m e as ur e d 5 6 9 7 1 0 7 0 7
r a n g e/i n di c es (j,k ,l) 0 3 1, 0 1 1, - 2 3, 2 2 0 2 0, 0 2 4, - 2 0 1 9
2 θ li mit, d e g 4. 0 - 5 0. 0 4. 5 - 5 0. 0
s c a n  wi dt h 0. 8 0 + 0. 3 4 t a n θ 0. 8 0 + 0. 3 4 t a n θ
st d r efl e cti o ns 1  X-r a y h o ur 1  X-r a y h o ur
t ot al u ni q u e d at a 5 5 6 8 1 0 3 3 7
o bs d d at a, I > 3 σ (I) 3 8 7 8
a bs. c o effi ci e nt, c m - 1 4 3. 5 4 4 2. 9 5
mi n. tr a ns missi o n,  % 8 9. 8 7 9. 8
m a x. tr a ns missi o n,  % 9 9. 9 9 9. 9
n o. of v ari a bl es 3 3 4 7 4 9
g o o d n ess of fit 1. 2 3 2 1. 1 3 1
R ) ∑ ||F o | - |F c ||/∑ |F o | 0. 0 2 9 1 0. 0 3 8 0 ( R 1, 2 σ )
R w ) ∑ ||F o | - |F c ||w 1/ 2 /∑ |F o ||w 1/ 2 0. 0 3 7 0
w R 2 ) (∑ [w (F o

2 - F c
2 )2 ]/∑ [w F o

4 ])1/ 2 0. 0 8 6 1
∆ /σ ( m a x) 0. 0 0 8 0. 0 0 1
∆ /F ( m a x), e/ Å3 0. 6 5 2 1. 3 4 3 ( c a. 1. 0 9 5  Å fr o m  R e 1)

Fi g u r e 3. F ull (l eft) a n d p arti al (ri g ht)  m ol e c ul ar str u ct ur e of ( S S ,R R )-
2 ‚2 C H 2 Cl 2 .

Fi g u r e 4. Str u ct ur e of t h e di c ati o n of ( S S ,R R )-2 2 + 2 P F 6
- a n d c o m p ari-

s o ns  wit h or g a ni c c u m ul e n es.

C o ns a n g ui n e o us  F a mili es of  C o or di n at e d  C ar b o n J.  A m.  C h e m. S o c.,  V ol. 1 1 9,  N o. 4, 1 9 9 7 7 7 9



i n v o k e d i n S c h e m e 3. It is pr es u m a bl y a f ort uit o us c o ns e q u e n c e
of t h e ki n eti cs of cr yst alli z ati o n.

4. Is ol ati o n a n d  R e d u cti o n of a  R a di c al  C ati o n. Fr o m
t h e a b o v e E ° d at a, e q uili bri u m c o nst a nts  w er e c al c ul at e d f or
t h e c o m pr o p orti o n ati o n of ( S S ,R R )-2 a n d ( S S ,R R )-2 2 + 2 X - t o t h e
r a di c al c ati o n (S S ,R R )-2 • +X - (K c ).3 4 T h e v al u es  w er e v er y l ar g e,
r a n gi n g fr o m 1. 1 × 1 0 9 ( C H2 Cl 2 , 2 2. 5 ° C) t o 2. 1 × 1 0 7 ( C H3 -
C N, 2 2. 5 ° C).  T h us, as s h o w n i n S c h e m e 4, ( S S ,R R )-2 a n d
(S S ,R R )-2 2 + 2 P F 6

- w er e c o m bi n e d i n  C H 2 Cl 2 .  W or k u p g a v e
(S S ,R R )-2 • +P F 6

- a s a d e e p gr e e n, a n al yti c all y p ur e p o w d er i n
5 0 % yi el d.  T h e r e a cti o n of ( S S ,R R )-2 a n d  A g + P F 6

- ( 1. 0 e q ui v)
i n t ol u e n e als o g a v e (S S ,R R )-2 • +P F 6

- ( 6 9 %).  T h e l a b el e d
c o m pl e x ( S S ,R R )-2 • +-1 3 C 4 P F 6

- a n d s a m pl es e nri c h e d i n t h e
m es o di ast er e o m er ( S R ,R S )-2 • +P F 6

- w er e si mil arl y pr e p ar e d.
As a s oli d, ( S S ,R R )-2 • +P F 6

- w a s st a bl e f or  w e e ks u n d er a n
i n ert at m os p h er e a n d d e c o m p os e d  wit h  m elti n g at 1 0 8- 1 1 1 ° C.
I n c o ntr ast, d e g ass e d  C H2 Cl 2 or  C H 3 C N s ol uti o ns s h o w e d s o m e
d e c o m p ositi o n aft er s e v er al h o urs at r o o m t e m p er at ur e.  A n
i n h o m o g e n e o us, d e e p er gr e e n  m at eri al f or m e d.3 5 E xt e nsi v e
eff orts t o gr o w cr yst als of ( S S ,R R )-2 • +P F 6

- s uit a bl e f or  X-r a y
st u di es  w er e u ns u c c essf ul.  T h us, t h e h e x afl u or o a nti m o n at e s alt
(S S ,R R )-2 • +S b F 6

- w a s pr e p ar e d utili zi n g  A g + S b F 6
- . Sl o w

cr yst alli z ati o ns fr o m  C H 2 Cl 2 / h e x a n e at l o w t e m p er at ur es g a v e
gr e e n n e e dl es.  H o w e v er, t h e y  w er e s oft, fr a ct ur e d e asil y, a n d
diffr a ct e d p o orl y.  Cr yst alli z ati o ns i n v ol vi n g a v ari et y of ot h er
c hl ori n at e d s ol v e nts  w er e l ess s u c c essf ul.

C o m pl e x ( S S ,R R )-2 • +P F 6
- g a v e a c y cli c v olt a m m o gr a m

e q ui v al e nt t o t h at of ( S S ,R R )-2 .  W e s o u g ht t o pr o b e its
c o nfi g ur ati o n al st a bilit y, es p e ci all y i n vi e w of e vi d e n c e s u g-
g esti n g t h e r a pi d i n v ersi o n of c hir al ir o n r a di c al c ati o ns of t h e
f or m ul a [(η 5 - C5 H 5 ) F e( C O)( L)( C H3 )]• +.3 6 Si n c e dir e ct  m et h o ds
f or ass a yi n g di ast er e o m eri c p urit y  w er e n ot a p p ar e nt, a c h e mi c al
c y cl e  w as utili z e d. First,  C H 2 Cl 2 s ol uti o ns of ( S S ,R R )-2 • +P F 6

-

a n d s a m pl es e nri c h e d i n ( S R ,R S )-2 • +P F 6
- w er e stirr e d f or 4 h

i n t h e d ar k.  T h e n s o di u m n a p ht h al e ni d e  w as a d d e d.  W or k u p
g a v e 2 i n 7 2 % yi el d.  N M R a n al ys es (1 H, 3 1 P) s h o w e d
di ast er e o m er r ati os t h at  w er e i d e nti c al  wit h t h os e of t h e s a m pl es
of 2 ori gi n all y us e d t o pr e p ar e 2 • +P F 6

- .  H e n c e, 2 • +P F 6
- d o es

n ot r e a dil y e pi m eri z e i n s ol uti o n, a n d c o nfi g ur ati o n  m ust b e
r et ai n e d f or all r e a cti o ns i n S c h e m e 4.

5.  M a g n eti c a n d  O pti c al  P r o p e rti es. T h e c orr e ct e d  m ol ar
m a g n eti c s us c e pti bilit y of ( S S ,R R )-2 • +P F 6

- , M ,  w as d et er mi n e d
b y t h e F ar a d a y  m et h o d. 3 7 A s s h o w n i n Fi g ur e 5, a pl ot of M

- 1

vs t e m p er at ur e  w as li n e ar.  T h e i nt er c e pt  w as v er y cl os e t o z er o,
i n di c ati n g  C uri e b e h a vi or.  T h e r o o m t e m p er at ur e  m a g n eti c
m o m e nt  w as 1. 7 4 µ B , c o nsist e nt  wit h o n e u n p air e d el e ctr o n a n d
a n S v al u e of 1/ 2.  T h e  m a g n eti c s us c e pti bilit y of t h e di c ati o n
(S S ,R R )-2 2 + 2 P F 6

- w as si mil arl y c h e c k e d.  T h e d at a est a blis h e d
a n u p p er li mit of 3 % of a n S ) 1/ 2 s p e ci es, pr es u m a bl y ( S S ,R R )-
2 • +P F 6

- , i n t h e ot h er wis e di a m a g n eti c s a m pl e.  T h e t e m p er at ur e
d e p e n d e n c e of M w as i n c o nsist e nt  wit h a t h er m all y p o p ul at e d
tri pl et e x cit e d st at e.3 7 a

F or m all y, 2 • +P F 6
- i s a d6 / d5 or  R e(I)/ R e(II)  mi x e d v al e n c e

c o m p o u n d.  M a n y s y m m etri c all y s u bstit ut e d d 6 / d5 s p e ci es h a v e
b e e n st u di e d, es p e ci all y f or r ut h e ni u m, a n d c a n e x hi bit l o c ali z e d,
p arti all y d el o c ali z e d, or f ull y d el o c ali z e d el e ctr o ni c str u ct ur es
( cl ass es I, II, a n d III).4 W e s o u g ht t o pr o b e t his iss u e  wit h
2 • +P F 6

- . First, as s u m m ari z e d i n  T a bl e 1, I R s p e ctr a s h o w e d

( 3 4) ( a)  All K c v al u es  w er e c al c ul at e d as f oll o ws: l n( K c ) ) n F (E ° 2 -
E ° 1 )/R T ) 1 1 6 0 4( E ° 2 - E ° 1 )/T ; l n(K c ) ) 3 9. 2 5( E ° 2 - E ° 1 ) at 2 2. 5 ° C.
T h es e v ar y a p pr e ci a bl y  w h e n t e m p er at ur es ar e c h a n g e d b y a f e w d e gr e es,
or E ° 2 - E ° 1 v al u es ar e c h a n g e d b y a f e w  m V.  T h er ef or e, o nl y t w o
si g nifi c a nt di gits ar e gi v e n. Si n c e K c v al u es ar e f urt h er m or e s ol v e nt
d e p e n d e nt, lit er at ur e d at a s h o ul d b e c o m p ar e d  wit h c a uti o n. ( b)  V al u es
d esi g n at e d b y t his r ef er e n c e h a v e, f or c o m p ar ati v e p ur p os es, b e e n r e c al-
c ul at e d at 2 2. 5 ° C as i n ( a).  C o ns e q u e ntl y, t h e y diff er fr o m t h e ori gi n al
lit er at ur e r e p ort.  Als o, n ot e t h at t h e E ° 2 - E ° 1 v al u es  m a y d e p e n d sli g htl y
u p o n t e m p er at ur e.

( 3 5)  T h e d e c o m p os e d  m at eri al g a v e n e w I R υ C t C b a n d s ( c m - 1 , t hi n
fil m: 2 0 5 3  w, 1 9 9 3  m, 1 9 6 0  m, 1 9 2 8  m), a  m u c h br o a d er υ N O b a n d ( 1 6 5 3
s), a n i nt e ns e n e w visi bl e a bs or pti o n ( 6 3 2 n m), a n d n u m er o us 1 H  N M R
C 5 ( C H3 )5 a n d 3 1 P  N M R si g n als.  W e s p e c ul at e t h at, at l e ast i n p art, c h ai n -
c h ai n c o u pli n g o c c urs t o gi v e a di a m a g n eti c, di c ati o ni c  R e 4 C 8 c o m pl e x
c o nsisti n g of t w o vi n yli d e n e a n d t w o al k y n yl li n k a g es, a n d s e v er al
c o nfi g ur ati o n al di ast er e o m ers.

( 3 6)  Br u n n er,  H.; Fis c h,  K.; J o n es, P.  G.; S al b e c k, J. A n g e w . C h e m .,
I nt. E d . E n gl . 1 9 8 9 , 2 8 , 1 5 2 1.

( 3 7) ( a)  Mill er, J. S.;  Di x o n,  D.  A.;  C al a br es e, J.  C.;  V a z q u e z,  C.;  Kr usi c,
P. J.;  W ar d,  M.  D.;  W ass er m a n,  E.;  H arl o w,  R.  L. J . A m . C h e m . S o c . 1 9 9 0 ,
1 1 2 , 3 8 1. ( b)  Di a m a g n eti c c orr e cti o ns b as e d u p o n P as c al’s c o nst a nts a n d
m e as ur e m e nts  wit h 2 w er e a p pli e d (- 8 3 3 × 1 0 - 6 e m u/ m ol).

T a bl e 3. S el e ct e d  B o n d  L e n gt hs ( Å),  B o n d  A n gl es ( d e g), a n d
Pl a n e - Pl a n e  A n gl es ( d e g) i n ( S S ,R R )-2 ‚2 C H 2 Cl 2 a n d
(S S ,R R )-2 2 + 2 P F 6

-

(S S ,R R )-2 ‚2 C H 2 Cl 2

R e - P 2. 3 7 5( 1)  R e - C p * c e ntr oi d 1. 9 6 4
R e - N 1. 7 5 4( 5) P - C 1 1 1. 8 3 1( 6)
R e - C 4 0 2. 0 3 7( 5) P - C 2 1 1. 8 3 0( 6)
C 4 0 - C 4 1 1. 2 0 2( 7) P - C 3 1 1. 8 3 3( 6)
C 4 1 - C 4 1 ′ 1. 3 8 9( 5)  N - O 1. 1 9 0( 6)

N - R e - C 4 0 1 0 0. 7( 2)  R e - C 4 0 - C 4 1 1 7 4. 4( 5)
P - R e - C 4 0 8 2. 4( 1)  C 4 0 - C 4 1 - C 4 1 ′ 1 7 6. 8( 6)
P - R e - N 9 2. 8( 2)  R e - N - O 1 7 0. 9( 6)

R e - P - C 4 0/ R e - C 4 0 - N/
R e ′- P ′- C 4 0 ′ 1 4 8. 4( 1)  R e ′- C 4 0 ′- N ′ 2 5. 2( 1)

(S S ,R R )-2 2 + 2 P F 6
-

R e 1 - P 1 2. 4 3 9( 2)  R e 1 - C p * c e ntr oi d 1. 9 7 2
R e 2 - P 2 2. 4 3 0( 2)  R e 2 - C p * c e ntr oi d 1. 9 6 3
R e 1 - N 1 1. 7 7 7( 6) P 1 - C 1 1 1. 8 1 1( 8)
R e 2 - N 2 1. 7 6 7( 6) P 1 - C 2 1 1. 8 1 5( 8)
R e 1 - C 4 0 a 1. 9 0 9( 7) P 1 - C 3 1 1. 8 1 6( 7)
R e 2 - C 4 3 a 1. 9 1 6( 7) P 2 - C 6 1 1. 8 1 3( 7)
C 4 0 - C 4 1 a 1. 2 6 3( 1 0) P 2 - C 7 1 1. 8 1 3( 8)
C 4 1 - C 4 2 a 1. 3 0 5( 1 0) P 2 - C 8 1 1. 8 2 1( 7)
C 4 2 - C 4 3 a 1. 2 6 0( 1 0)  N 1 - O 1 1. 1 7 9( 8)

N 2 - O 2 1. 1 8 4( 8)

N 1 - R e 1 - C 4 0 1 0 3. 2( 3)  R e 1 - C 4 0 - C 4 1 1 6 8. 5( 7)
N 2 - R e 2 - C 4 3 1 0 1. 7( 3)  R e 2 - C 4 3 - C 4 2 1 7 1. 4( 7)
P 1 - R e 1 - C 4 0 8 8. 6( 2)  C 4 0 - C 4 1 - C 4 2 1 7 7. 8( 9)
P 2 - R e 2 - C 4 3 9 2. 4( 2)  C 4 1 - C 4 2 - C 4 3 1 7 5. 4( 9)
P 1 - R e 1 - N 1 9 3. 7( 2)  R e 1 - N 1 - O 1 1 6 7. 8( 6)
P 2 - R e 2 - N 2 8 7. 7( 2)  R e 2 - N 2 - O 2 1 7 1. 7( 6)

R e 1 - C 4 0 - P 1/ R e 1 - C 4 0 - P 1/
R e 2 - C 4 3 - P 2 2 2. 5( 2)  R e 2 - C 4 3 - N 2 7 0. 9( 2)
R e 1 - N 1 - C 4 0/ R e 1 - N 1 - C 4 0/
R e 2 - C 4 3 - P 2 6 6. 2( 2)  R e 2 - C 4 3 - N 2 2 2. 8( 2)

a T h e f oll o wi n g v al u es  w er e o bt ai n e d fr o m a s e c o n d, r o o m t e m p er-
at ur e str u ct ur e: 1 2 a R e 1 - C 4 0 1. 9 3( 1),  R e 2 - C 4 3 1. 9 1( 1),  C 4 0 - C 4 1
1. 2 4( 2),  C 4 1 - C 4 2 1. 3 3( 2),  C 4 2 - C 4 3 1. 2 6( 2).

S c h e m e 4. S y nt h es es of a P ar a m a g n eti c  R e C 4 R e  C o m pl e x

7 8 0 J.  A m.  C h e m. S o c.,  V ol. 1 1 9,  N o. 4, 1 9 9 7 Br a d y et al.



a single NO band both in solution and the solid state.24 Second,
the band was between those of 2 and 22+2PF6- ( cm-1 42 and
54, CH2Cl2), indicating an intermediate level of backbonding.
Third, as illustrated in Figure 6, the half-widths were compa-
rable. If, on the very rapid IR time scale (ca. 10-13 s), one
rhenium of 2 +PF6- were positively charged and the other neu-
tral, two NO bands would be expected. Further, IR and Raman
spectra each showed a single CC band, with frequencies lower
than those of 2 ( cm-1 94-66). The Raman frequency was
also higher than that of 22+2PF6- ( cm-1 107). Hence, we
conclude that the ground state of 2 +PF6- features a ReC4Re
assembly with bond orders intermediate between those of 2 and
22+2PF6- and a formal half positive charge on each rhenium.
The delocalization of the odd electron in (SS,RR)-2 +PF6-

was probed by ESR. As depicted in Figure 5 (inset), an undecet
(g 2.02, CH2Cl2) with an Aiso,Re value of 98 G and broad indi-
vidual lines ( Hpp 49 G) was observed.24 Rhenium has two
principal isotopes with spin 5/2, but since the magnetic moments
are very close they can be treated as a single spin system. Thus,
the undecet indicates that the two rheniums are equivalent on
the rapid ESR time scale (ca. 10-9 s). Furthermore, the mono-
rhenium radical cation [( 5-C5Me5)Re(NO)(PPh3)(CH3)] +PF6-,
for which analogous delocalization is impossible, gives a sextet

with an Aiso,Re value that is approximately twice as large (195-
190 G).14,38,39 ESR spectra of labeled (SS,RR)-2 +-13C4PF6- did
not show additional couplings ( Hpp ca. 45 G). Hence, there
is relatively little spin density on the carbon chain, or at
phosphorus.
The various classes of mixed valence complexes exhibit

distinguishing optical properties.4,7 Thus, UV/visible/near-IR
spectra of 2n+ nPF6- were recorded under identical conditions
in CH2Cl2, as illustrated in Figures 7 and 8. Orange-brown
(SS,RR)-2 showed an absorption at 350 nm ( 16 900 M-1 cm-1)
that tailed into the visible.24 In contrast, the ethynyl complex
1 exhibited only barely discernable shoulders, the most pro-
nounced of which was at 316 nm ( 2300). Deep blue (SS,RR)-
22+2PF6- gave two intense bands at 390 and 578 nm ( 39 600,
28 100).24 Alkylidene and vinylidene complexes of II-Men with
aryl substituents exhibit a single absorption between 360 and
400 nm ( 7600-13 000).16,27a,b, These are absent in analogs
with alkyl or hydrogen substituents. Hence, the 390 and 578
nm transitions may involve acceptor orbitals with substantial
carbon chain character. The former shifted to 368 nm in acetone
and 364 nm in CH3CN, but the latter moved only slightly to
572 nm.40

(38) Similar multiplicity and A value relationships have been established
for delocalized radical cations with Mo(PR3)2(CO)3 termini and pyrazine
bridges and radical anions with Mo(L)3(NO)(X) termini and 1,2- or 1,4-
NH2C6H4NH2 bridges: (a) Bruns, W.; Kaim, W.; Waldhör, E.; Krejčik,
M. J. Chem. Soc., Chem. Commun. 1993, 1868 and Inorg. Chem. 1995,
34, 663. (b) Wlodarczyk, A.; Maher, J. P.; McCleverty, J. A.; Ward, M. D.
J. Chem. Soc., Chem. Commun. 1995, 2397.

(39) Two isomeric rhenium-centered radicals of the formula Re(CO)3-
(PCy3)2 give Aiso,Re values of 190 and 156 G: Walker, H. W.; Rattinger,
G. B.; Belford, R. L.; Brown, T. L. Organometallics 1983, 2, 775.

Figure 5. Probes of the paramagnetism of 2 +PF6-. (a) Temperature
dependence of the corrected reciprocal molar magnetic susceptibility,
m-1 (3), and magnetic moment, (0). (b) Inset: ESR spectrum of
(SS,RR)-2 +PF6- (CH2Cl2, ambient temperature, 7.0 10-3 M).

Figure 6. IR NO and CC absorptions (CH2Cl2, ambient temperature,
4-5 10-3 M).

Figure 7. UV/visible spectra of (SS,RR)-2, (SS,RR)-2 +PF6-, and
(SS,RR)-22+2PF6- (CH2Cl2, ambient temperature, 1.7-2.9 10-5 M).

Figure 8. Near-IR spectrum of (SS,RR)-2 +PF6- (CH2Cl2, ambient
temperature, 1.7 10-5 M). Background spectra of (SS,RR)-2 and
(SS,RR)-22+2PF6- are given for comparison.
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D e e p gr e e n ( S S ,R R )-2 • +P F 6
- g a v e t w o  U V/ visi bl e a bs or pti o ns

at 3 4 8 a n d 4 5 4 n m ( 2 4 0 0 0, 6 4 0 0). It als o e x hi bit e d t hr e e
n e ar I R b a n ds at 8 8 3, 1 0 0 0 a n d 1 2 0 0 n m ( 1 5 0 0 0 - 3 2 0 0;
Fi g ur e 8). S a m pl es e nri c h e d i n ( S R ,R S )-2 • +P F 6

- g a v e i d e nti c al
s p e ctr a.  T h e n e ar I R a bs or pti o ns h a v e n o c o u nt er p art i n t h e
ot h er c o m pl e x es a n d t o f a cilit at e dis c ussi o n ar e t er m e d  A,  B,
a n d  C, r es p e cti v el y. S p e ctr a r e c or d e d i n a c et o n e a n d  C H 3 C N
w er e virt u all y i d e nti c al, es p e ci all y c o nsi d eri n g err ors i n h er e nt
i n q u a ntit ati v e a n al ys es of br o a d, o v erl a p pi n g p e a ks.  D at a ar e
s u m m ari z e d i n  T a bl e 4 a n d f urt h er i nt er pr et e d b el o w.

6.  C o m p ut ati o ns. W e s o u g ht t o f urt h er cl arif y t h e el e ctr o ni c
a n d g e o m etri c al f e at ur es of t h e pr e c e di n g c o m p o u n ds c o m p u-
t ati o n all y. S ur prisi n gl y, o nl y s c a nt t h e or eti c al d at a f or c o m-
pl e x es of t h e t y p e I h a v e b e e n r e p ort e d. 4 1 T o i m pr o v e
tr a ct a bilit y, t h e e n d gr o u ps II- M e5 w er e  m o d el e d b y t h e s m all er
is ol o b al fr a g m e nt ( Cl) R e( N O)( P H3 ), a n d t h e r es ulti n g c o m pl e x es
w er e disti n g uis h e d as 2 ′n + .  T h e g e o m etri es of t h e S S ,R R
di ast er e o m ers of 2 ′ a n d 2 ′2 + w er e o pti mi z e d, a n d t h e el e ctr o ni c
str u ct ur es  w er e a n al y z e d, usi n g t h e n at ur al b o n d or bit al ( N B O)
p artiti o ni n g s c h e m e d e v el o p e d b y  W ei n h ol d 4 2 a n d t h e t o p ol o gi-
c al a n al ysis of t h e el e ctr o n d e nsit y distri b uti o n i ntr o d u c e d b y
B a d er. 4 3 D et ails ar e gi v e n i n t h e  E x p eri m e nt al S e cti o n.
U nf ort u n at el y, c o m p ut ati o ns i n v ol vi n g t h e r a di c al c ati o n 2 ′• +

di d n ot gi v e S C F c o n v er g e n c e.
Fi g ur e 9 s h o ws t h e o pti mi z e d g e o m etri es of ( S S ,R R )-2 ′ a n d

(S S ,R R )-2 ′2 + .  T h e c al c ul at e d b o n d l e n gt hs a n d a n gl es ar e i n
e x c ell e nt a gr e e m e nt  wit h t h os e i n  T a bl e 3.  H e n c e, t h e
c o m p ut ati o n al d at a c a n c o nfi d e ntl y b e us e d t o a n al y z e b o n di n g
a n d el e ctr o ni c str u ct ur e of t h e p ar e nt c o m p o u n ds ( S S ,R R )-2 a n d

(S S ,R R )-2 2 + 2 X - . F or c o m p ar ati v e p ur p os es, si mil ar c al c ul ati o ns
w er e c o n d u ct e d  wit h b ut a di y n e, t h e b ut a di y n e di c ati o n, a n d
h e x a p e nt a e n e.  K e y r es ults ar e als o ill ustr at e d i n Fi g ur e 9 a n d
cl e arl y s u p p ort t h e µ - b ut a di y n e di yl a n d c u m ul e ni c v al e n c e
f or m ul ati o ns gi v e n f or 2 a n d 2 2 + 2 P F 6

- a b o v e.

T h e c h a n g e i n c ar b o n - c ar b o n b o n d l e n gt hs u p o n o xi d ati o n
of b ut a di y n e t o t h e di c ati o n ( Fi g ur e 9) is si mil ar t o t h at f or t h e
o xi d ati o n of ( S S ,R R )-2 ′ t o (S S ,R R )-2 ′2 + .  T h us, it  mi g ht b e
pr es u m e d t h at t h e l att er i n v ol v es el e ctr o n l oss fr o m a n or bit al
l ar g el y l o c ali z e d o n t h e c ar b o n c h ai n.  H o w e v er, t his is n ot t h e
c as e.  T h e t w o hi g h est o c c u pi e d  M Os ( 5 7 a n d 5 6) ar e n e arl y
d e g e n er at e a n d h a v e a p pr e ci a bl e c o effi ci e nts o n t h e r h e ni u m
a n d nitr os yl gr o u ps as  w ell as s o m e  C 4 π c h ar a ct er.  A c c or d-
i n gl y, t h e str u ct ur al diff er e n c es b et w e e n (S S ,R R )-2 ′ a n d ( S S ,R R )-
2 ′2 + ar e n ot r estri ct e d t o t h e c ar b o n c h ai n.  As s h o w n i n Fi g ur e
9, t h er e ar e si z a bl e c h a n g es i n t h e r h e ni u m - li g a n d b o n d l e n gt hs,
m ost of  w hi c h ar e tr a c k e d e x p eri m e nt all y.  T h e diff er e n c es i n
c h ar g e distri b uti o ns ar e s u m m ari z e d i n  T a bl e 5.  O ut of t h e t w o
el e ctr o ns r e m o v e d, 0. 7 4 ar e l ost fr o m t h e  C 4 c h ai n, 0. 7 2 fr o m
t h e nitr os yl li g a n ds, 0. 4 2 fr o m t h e c hl ori n e li g a n ds, a n d 0. 1 0
fr o m t h e P H3 li g a n ds. I nt er esti n gl y, t h e p arti al c h ar g es o n
r h e ni u m r e m ai n n e arl y t h e s a m e.

Diff er e n c es i n b o n d or d ers ar e als o s u m m ari z e d i n  T a bl e 5.
U p o n o xi d ati o n, t h os e of t h e  R e - C a n d  R e C C - C b o n ds
i n cr e as e ( 0. 7 6 t o 1. 3 0; 1. 1 4 t o 1. 7 6),  w hil e t h at of t h e  R eC - C
b o n d d e cr e as es ( 2. 6 7 t o 1. 9 5).  T o p ol o gi c al a n al ysis of t h e
el e ctr o n d e nsit y distri b uti o n r e v e als a d diti o n al el e ctr o ni c str u c-
t ur e f e at ur es. Fi g ur e 1 0 s h o ws c o nt o ur li n e di a gr a ms of t h e
L a pl a ci a n distri b uti o n ∇ 2 F (r ).4 4 T h at of ( S S ,R R )-2 ′ i n t h e
P - R e - C pl a n e ( Fi g ur e 1 0 a) cl e arl y s h o ws hi g h er c h ar g e
c o n c e ntr ati o ns ( ∇ 2 F (r ) < 0, s oli d li n es) b et w e e n t h e  R e C C
at o ms t h a n t h e  R e C C C at o ms.  T h es e d o n ot v ar y as t h e
m ol e c ul e is r ot at e d a b o ut t h e  R e C 4 R e a xis. I n c o ntr ast, t h e
L a pl a ci a n distri b uti o n of ( S S ,R R )-2 ′2 + s h o ws dr a m ati c diff er-
e n c es i n t his r e gi o n as t h e  R e C 4 R e a xis is r ot at e d.  T his is
ill ustr at e d i n Fi g ur e 1 0 b f or t h e P- R e - C pl a n e, a n d Fi g ur e
1 0 c f or a n ort h o g o n al pl a n e.  T h e c h ar g e c o n c e ntr ati o n is s m all er
b et w e e n t h e  R e C C at o ms t h a n t h e  R e C C C at o ms i n t h e f or m er
a n d r e v ers e d i n t h e l att er. 4 4 T his a nis otr o p y, a n d all of t h e
pr e c e di n g d at a, pr o vi d e o v er w h el mi n g s u p p ort f or a c u m ul e ni c
v al e n c e f or m ul ati o n f or 2 2 + 2 P F 6

- .

T h e g e o m etri es of ( S S ,R R )-2 ′ a n d ( S S ,R R )-2 ′2 + w er e o pti-
mi z e d  wit h o ut a n y s y m m etr y c o nstr ai nts, e x c e pt t h at t h e
p h os p h or us - h y dr o g e n dist a n c es  w er e f or c e d t o b e t h e s a m e.
I n t h e f or m er, t h e P- R e - C pl a n es d efi n e a s m all er a n gl e
( 1 0 6. 5° ; Fi g ur e 9) t h a n i n (S S ,R R )-2 ( 1 4 8. 4° ; Fi g ur e 3,  T a bl e
3).  T his is li k el y a si m pl e st eri c c o ns e q u e n c e of t h e b ul ki er
p h os p hi n e i n 2 .  A c c or di n gl y, t h er e is littl e c h a n g e i n c o m p ut e d
b o n d l e n gt hs as t h e r h e ni u m t er mi ni ar e r ot at e d.  T h e P - R e - C
pl a n es i n ( S S ,R R )-2 ′2 + d efi n e a 1 6 8. 9 ° a n gl e, gi vi n g a n a nti
ori e nt ati o n of P H 3 li g a n ds.  T his c orr es p o n ds t o g e o m etri c
is o m er V i n S c h e m e 3, s u p p orti n g t h e st a bilit y or d er assi g n e d
a b o v e ( V > VI ). Fi n all y, t h e alt er n ati n g s p/s p  Cd C b o n d
l e n gt hs i n (S S ,R R )-2 2 + 2 P F 6

- a n d a h e x a p e nt a e n e ( Fi g ur e 4,
b ott o m) ar e als o r e pr o d u c e d t h e or eti c all y.  T his p ossi bl y g e n er al
f e at ur e of c ert ai n hi g h er c u m ul e n es a p p e ars t o h a v e r e c ei v e d
littl e att e nti o n.3 2 b, 4 5 As a si m pl e a n d i nt uiti v e r ati o n al e, c o nsi d er

( 4 0) F or c o m p aris o n, t h e b e n z yli d e n e c o m pl e x2 7 b [(η 5 - C5 H 5 ) R e( N O)-
( P P h3 )(d C H P h)] + P F 6

- w a s als o c h e c k e d f or s ol v at o c hr o mis m:  C H 2 Cl 2 ,
3 6 8 n m; a c et o n e, 3 6 6 n m;  C H 3 C N, 3 6 6 n m ( 1 4 9 0 0, 1 2 9 0 0, 1 3 2 0 0  M - 1

c m - 1 ).
( 4 1) ( a) Fr a p p er,  G.;  K ert es z,  M. I n or g. C h e m. 1 9 9 3 , 3 2 , 7 3 2. ( b)

S p o nsl er,  M.  B. Or g a n o m et alli cs 1 9 9 5 , 1 4 , 1 9 2 0. ( c)  B el a n z o ni, P.;  R e,
N.;  R osi,  M.; S g a m ell otti,  A.; Fl ori a ni,  C. Or g a n o m et alli cs 1 9 9 6 , 1 5 , 4 2 6 4

( 4 2)  R e e d,  A.  E.;  C urtiss,  L.  A.;  W ei n h ol d, F. C h e m.  R e V . 1 9 8 8 , 8 8 ,
8 9 9.

( 4 3)  B a d er,  R. F.  W. At o ms i n  M ol e c ul es:  A  Q u a nt u m T h e or y ;  O xf or d
U ni v ersit y Pr ess:  N e w  Y or k, 1 9 9 0.

( 4 4) ( a)  N ot e t h at ∇ 2 F (r ) is t h e s e c o n d d eri v ati v e of t h e el e ctr o n d e nsit y
F (r ).  A f u n cti o n is s ai d t o b e c o n c e ntr at e d i n a r e gi o n  w h er e its s e c o n d
d eri v ati v e is n e g ati v e.  O n e  w a y of c o m p ari n g Fi g ur e 1 0 a - c i n v ol v es t h e
ti g htl y s p a c e d s oli d c o nt o ur li n es t h at e n cir cl e  C 1- C 4.  T h es e e xt e n d f urt h er
fr o m t h e at o ms a b o ut π b o n ds ( e. g.,  C 1 - C 2 vs  C 2 - C 3 i n Fi g ur e 1 0 a). ( b)
F or q u a ntit ati v e c o m p aris o ns, t h e v al u es of t h e  L a pl a ci a n at t h e b o n d criti c al
p oi nts c a n us e d.  T h es e ar e - 3 0. 6 0 6 a n d - 2 4. 5 2 5 e Å - 5 f or t h e  R eC C a n d
R e C C C b o n ds of ( S S ,R R )-2 ′, a n d - 3 2. 7 9 9 a n d - 3 0. 0 6 9 e Å - 5 f or (S S ,R R )-
2 ′2 + .  T h e c orr es p o n di n g el e ctr o n d e nsiti es ar e 2. 7 9 3, 2. 1 2 8, 2. 5 8 5, a n d 2. 4 9 9
e Å - 3 .

( 4 5)  Li a n g,  C.;  All e n,  L.  C. J . A m . C h e m . S o c . 1 9 9 1 , 1 1 3 , 1 8 7 3.

T a bl e 4. N e ar I R  D at a f or 2 • +P F 6
- a n d  Q u a ntiti es  D eri v e d

T h er efr o m a, b

b a n d  A b a n d  B b a n d  C

λ m a x or υ̃ o p 8 3 3/ 1 0 0 0/ 1 2 0 0
( n m/ c m- 1 , C H2 Cl 2 ) 1 1 3 2 5 1 0 0 0 0 8 3 3 3
λ m a x or υ̃ o p 8 8 5/ 9 9 7/ 1 2 3 9
( n m/ c m- 1 , a c et o n e) 1 1 2 9 9 1 0 0 3 0 8 0 7 1
λ m a x or υ̃ o p 8 8 4/ 1 0 0 1/ 1 2 2 8
( n m/ c m- 1 , C H3 C N) 1 1 3 1 2 9 9 9 1 8 1 4 3

m a x ( M- 1 c m - 1 ; C H2 Cl 2 ) 1 5 00 0 9 4 0 0 3 2 0 0
m a x ( M- 1 c m - 1 ; a c et o n e) 1 5 40 0 8 8 0 0 2 6 0 0
m a x ( M- 1 c m - 1 ; C H3 C N) 1 4 9 0 0 8 7 0 0 3 1 0 0

∆ υ̃ 1/ 2 ( c m- 1 ; C H2 Cl 2 )c 1 8 0 0 1 2 0 0 1 5 0 0
∆ υ̃ 1/ 2 ( c m- 1 ; a c et o n e)c 1 8 0 0 1 3 0 0 1 9 0 0
∆ υ̃ 1/ 2 ( c m- 1 ; C H3 C N) c 1 8 0 0 1 3 0 0 1 6 0 0
υ̃ o p or V a b , Cl ass III 5 6 6 3 5 0 0 0 4 1 6 6
( c m- 1 / e V)d 0. 7 0 2 0. 6 2 0 0. 5 1 6

( 0. 0 2 0 5/r)( m a x ∆ υ̃ 1/ 2 υ̃ o p )1/ 2 1 4 6 6 / 8 90 / 5 30 /
or V a b , Cl ass II ( c m- 1 / e V)d, e 0. 1 8 0. 1 1 0. 0 7
( 2 3 1 0υ̃ o p )1/ 2 or ∆ υ̃ 1/ 2 ( c al c), 5 1 15 4 8 0 6 4 3 8 7

Cl ass II ( c m- 1 )d

a F or g e n er al dis c ussi o ns, a n d a d diti o n al t h e or eti c al b a c k gr o u n d
r e g ar di n g t h e c al c ul at e d q u a ntiti es, s e e r ef 7. b Err ors i n λ m a x ( Fi g ur e
8) ar e esti m at e d as ( 3 n m f or b a n d  A, ( 1 0 n m f or b a n d  B, a n d ( 3 0
f or b a n d  C.  T h es e v al u es r efl e ct e xt e nsi v e a n al ys es  wit h c ur v e-fitti n g
pr o gr a ms.  Err ors i n ∆ υ̃ 1/ 2 f oll o w a si mil ar tr e n d. It ali ci z e d di gits ar e
n ot si g nifi c a nt b ut  w er e utili z e d f or c al c ul at e d q u a ntiti es. c ∆ υ̃ 1/ 2 i s t h e
f ull b a n d wi dt h at h alf h ei g ht. d T h es e v al u es ar e f or s p e ctr a i n  C H 2 Cl 2 .
V al u es i n ot h er s ol v e nts  w o ul d b e si mil ar. e r is t h e  m et al- m et al
dist a n c e i n  Å.  T h e a v er a g e of t h e dist a n c es i n ( S S ,R R )-2 a n d ( S S ,R R )-
2 2 + 2 P F 6

- w a s us e d ( 7. 7 3  Å).

7 8 2 J.  A m.  C h e m. S o c.,  V ol. 1 1 9,  N o. 4, 1 9 9 7 Br a d y et al.



all z witt eri o ni c a n d bir a di c al r es o n a n c e f or ms of  R 2 C ) -
( Cd C) n ) C R 2 i n  w hi c h o n e c h ar g e or u n p air e d el e ctr o n is

m ai nt ai n e d o n a s p 2 t er mi n us.  T h es e e nt ail v ari o us c o m bi n ati o ns
of d e cr e as es i n t h e b o n d or d ers of  R 2 C d C a n d  R 2 ( C C)x C d C
li n k a g es a n d i n cr e as es i n b o n d or d ers of  R2 C C d C a n d  R 2 C-
( C C)x C d C li n k a g es.

Dis c ussi o n

1. S y nt h eti c  M et h o d ol o g y. T h er e ar e n o w s uffi ci e nt
n u m b ers of c o m pl e x es I wit h hi g h er c ar b o n c h ai ns t o all o w
g e n er ali z ati o ns r e g ar di n g s y nt h eti c str at e gi es. First, t h e o xi d a-
ti v e c o u pli n g of t er mi n al al k y n es  wit h  C u( O A c)2 / p yri di n e as
i n S c h e m e 2 is c o m m o nl y r ef err e d t o as t h e  E gli nt o n r e a cti o n.2 2

Pr e vi o usl y, t his pr o c e d ur e h as r ar el y b e e n a p pli e d i n a  m et al
c o or di n ati o n s p h er e. 4 6 H o w e v er, it h as n o w b e e n e xt e n d e d t o
( 1) hi g h er h o m ol o gs of et h y n yl c o m pl e x 1 , aff or di n g a n al o g o us
C 8 , C1 2 , C1 6 , a n d  C2 0 c o m pl e x es, 1 3 a, b ( 2) et h y n yl a n d b ut a di y n yl
c o m pl e x es of ot h er  m et al fr a g m e nts, gi vi n g t h e c orr es p o n di n g
C 4 a n d  C 8 c o m pl e x es, 1 8, 1 9 c, 2 0 h a n d ( 3) cr oss c o u pli n gs of et h y n yl

( 4 6) Pri or e x a m pl es: ( a) F or f err o c e n e d eri v ati v es, s e e S c hl ö gl,  K.;
St e yr er,  W. J . Or g a n o m et . C h e m . 1 9 6 6 , 6 , 3 9 9. ( b)  Di e d eri c h, F.;  R u bi n,
Y.;  C h a p m a n,  O.  L.;  G or off,  N. S. H el V . C hi m . A ct a 1 9 9 4 , 7 7 , 1 4 4 1, a n d
e arli er r ef er e n c es t h er ei n.

Fi g u r e 9. O pti mi z e d g e o m etri es at  H F/II of ( S S ,R R )-2 ′ (S S ,R R )-2 ′2 + , b ut a di y n e, b ut a di y n e2 + , a n d h e x a p e nt a e n e. S el e ct e d e x p eri m e nt al v al u es f or
(S S ,R R )-2 a n d ( S S ,R R )-2 2 + 2 P F 6

- ar e gi v e n i n p ar e nt h es es.

T a bl e 5. C al c ul at e d  N B O  C h ar g e  Distri b uti o n a n d  B o n d  Or d ers of
(S S ,R R )-2 ′ a n d ( S S ,R R )-2 ′2 +

(S S ,R R )-2 ′ (S S ,R R )-2 ′2 + ∆ ((S S ,R R )-2 ′2 + -(S S ,R R )-2 ′)

C h ar g es

R e 1 + 0. 8 3 + 0. 8 1 - 0. 0 2
R e 2 + 0. 8 3 + 0. 8 1 - 0. 0 2
R e C - 0. 3 7 - 0. 0 8 + 0. 5 8 a

R e C C - 0. 1 3 - 0. 0 5 + 0. 1 6 a

∑ C C C C - 1. 0 0 - 0. 2 6 + 0. 7 4
N O - 0. 2 0 + 0. 1 6 + 0. 7 2 a

P H 3 + 0. 4 6 + 0. 5 1 + 0. 1 0 a

Cl - 0. 5 7 - 0. 3 6 + 0. 4 2 a

B o n d  Or d ers

R e - C 0. 7 6 1. 3 0 + 0. 5 4
R e - N 1. 6 0 1. 4 3 - 0. 1 7
R e - Cl 0. 5 6 0. 7 7 + 0. 2 1
R e - P 0. 7 6 0. 6 8 - 0. 0 8
R e C - C 2. 6 7 1. 9 5 - 0. 7 2
R e C C - C 1. 1 4 1. 7 6 + 0. 6 2

a Diff er e n c e f or t w o gr o u ps.

C o ns a n g ui n e o us  F a mili es of  C o or di n at e d  C ar b o n J.  A m.  C h e m. S o c.,  V ol. 1 1 9,  N o. 4, 1 9 9 7 7 8 3



a n d b ut a di y n yl c o m pl e x es t o  C 6 c o m pl e x es. 1 3 a, 1 8 T h er e is a n
e arl y r e p ort of s y m m etri c al c o u pli n gs of et h y n yl a n d b ut a di y n yl
c o m pl e x es  wit h  O 2 a n d a  C u Cl c at al yst ( Gl as er r e a cti o n). 4 7

H o w e v er, t h e r es ulti n g  C 4 a n d  C 8 c o m pl e x es  w er e o nl y p arti all y
c h ar a ct eri z e d.  T his r e ci p e h as als o b e e n us e d t o pr e p ar e a
p ol y m er  wit h a Pt C 8 Pt r e p e at u nit 4 8 b ut is  m u c h l ess eff e cti v e
t h a n t h e  E gli nt o n c o n diti o ns  wit h 1 .

As n ot e d a b o v e,  L a pi nt e h as is ol at e d a s eri es of F e C 4 F e
c o m pl e x es t h at ar e cl os el y r el at e d t o 2 n + n P F 6

- : (η 5 - C5 M e 5 )-
F e( d p p e)( C t C C t C)( d p p e) F e( η 5 - C5 M e 5 ) (3 ), 3 • +P F 6

- , a n d
3 2 + 2 P F 6

- .1 9 a, b T h es e ar e ill ustr at e d i n S c h e m e 5 a n d dis c uss e d
i n d et ail b el o w.  T h e y ar e a c c ess e d vi a a o n e el e ctr o n o xi d ati o n
of t h e ir o n et h y n yl c o m pl e x ( η 5 - C5 M e 5 ) F e( d p p e)( Ct C H).  T h e
r es ulti n g r a di c al c ati o n di m eri z es t o gi v e a diir o n di c ati o n  wit h
a di vi n yli d e n e ( d C d C H- H C d C d ) bri d g e,  w hi c h is t h e n
d e pr ot o n at e d t o gi v e 3 .  All ot h er r o ut es t o  C4 c o m pl e x es
r e p ort e d t o d at e utili z e pr ef or m e d  C4 b uil di n g bl o c ks, t o  w hi c h
t h e  m et al t er mi ni ar e att a c h e d eit h er i n dis cr et e st e ps2 0 a, b or i n
u nis o n. 2 0 c - g,i,j Als o, all  C 4 c o m pl e x es e x c e pt t h os e d eri v e d fr o m
t h e o xi d ati o n of 2 a n d 3 h a v e µ - b ut a di y n e di yl bri d g es.

T h us, 2 n + n P F 6
- a n d 3 n + n P F 6

- pr es e ntl y c o nstit ut e t h e o nl y
C 4 c o m pl e x e s t h at h a v e b e e n i s ol at e d i n  m or e t h a n o n e
r e d o x st at e. Si n c e el e ctr o ns ar e a p pr o pri at el y r e g ar d e d as t h e
“lif e bl o o d ” of  m ol e c ul e s,  w e r ef er t o s u c h f a mili e s a s

( 4 7)  Ki m, P. J.;  M as ai,  H.; S o n o g as hir a,  K.;  H a gi h ar a,  N. I n or g. N u cl .
C h e m . L ett . 1 9 7 0 , 6 , 1 8 1.

( 4 8)  T a k a h as hi, S.;  M ur at a,  E.; S o n o g as hir a,  K.;  H a gi h ar a,  N. J . P ol y .
S ci . 1 9 8 0 , 1 8 , 6 6 1.

Fi g u r e 1 0. C o nt o ur li n e di a gr a ms of t h e  L a pl a ci a n distri b uti o n 3 2 p( r )
of ( a) ( S S ,R R )-2 ′ i n t h e P- R e - C pl a n e; ( b) ( S S ,R R )-2 2 + i n t h e P- R e - C
pl a n e; ( c) ( S S ,R R )-2 ′2 + i n a pl a n e ort h o g o n al t o t h at i n ( b).  D as h e d
li n es i n di c at e c h ar g e d e pl eti o n (3 2 F (r ) > 0), a n d s oli d li n es i n di c at e
c h ar g e c o n c e ntr ati o n ( 3 2 F (r ) < 0). 4 4

S c h e m e 5. Ot h er  C o ns a n g ui n e o us F a mili es of  C o or di n at e d
C ar b o n

7 8 4 J.  A m.  C h e m. S o c.,  V ol. 1 1 9,  N o. 4, 1 9 9 7 Br a d y et al.



consanguineoussin other words, derived from a common
ancestor and differing only in electron count.49 Surprisingly,
no consanguineous C2 complexes have been isolated to date.
However, we have prepared compounds with ReCtCPd and
ReCtCCtCPdCtCCtCRe linkages and characterized the
corresponding radical cations in solution.14 Furthermore, La-
pinte has isolated the C8 homologs of 3 and 3 +PF6-.19c
An obvious potential improvement in our methodology

deserves comment. Many complexes of II-Me5 are available
in enantiomerically pure form. These would in principle allow
the selective preparation of the non-meso, enantiomerically pure
SS or RR diastereomers of 2. However, the immediate precursor
to 1, a cationic ethyne complex, has to date only been accessed
in 90% ee.50 Furthermore, adducts of II-Me5 tend to be
configurationally less stable than cyclopentadienyl analogs, and
nonracemic complexes are almost always less crystalline.
Accordingly, attempts to prepare diastereomerically pure 2 or
higher homologs by this strategy have been disappointing and
hampered by a lack of enantiomer purity assays at key stages.51
Curiously, Eglinton couplings in the cyclopentadienyl series
have been unsuccessful, thereby blocking a diastereoselective
entry into a related class of compounds.
2. Electronic Structure. The ground state electronic

structures of dirhenium complexes 2n+ nPF6- deserve close
scrutiny. First, the -butadiynediyl valence formulation of 2
is supported by an overwhelming amount of structural, spec-
troscopic, and computational data. However, higher homologs
will have increasing numbers of resonance forms with reduced
CtC bond orders and increased C-C bond orders. Thus, there
is the possibility of a gradual, asymptotic approach to a median
or limiting bond length. Hints of such trends can be discerned
in a recent review of structurally characterized 1,3,5,7-
tetraynes.13c Furthermore, there may be attendant effects upon
reactivity, as the C20 homolog of 2 is considerably more labile.13b
The -butatrienediylidene or cumulenic valence formulation

of 22+2PF6- is supported by (1) the experimental bond lengths
(Table 3), (2) the existence of geometric isomers about the ReC4-
Re linkage (Scheme 3), (3) the contrasteric syn orientation of
PPh3 ligands in the crystal structure (Figure 4), (4) the Raman
CC value (Table 1), (5) the 1JCC values,23 (6) the lack of a
magnetic moment, (7) the calculated bond lengths and orders
(Figure 9, Table 5), and (8) the change in the Laplacian
distribution as the ReC4Re axis is rotated (Figure 10b,c). This
detailed breakdown is prompted by several observations. First,
Lapinte’s diiron complex 32+ 2PF6- exhibits contrasting proper-
ties, as described below. Second, the geometric isomers of
22+2PF6- interconvert with barriers lower than those of similar
alkylidene or vinylidene complexes (11.6-13.5 vs 18-21 kcal/
mol),16,17,26,27 suggesting weaker RedC bonds and less effective
electronic coupling. Third, as noted above, the sp/sp CdC bond
length patterns in Figure 4 can be interpreted in terms of
increasing contributions by resonance forms with CtC and
C-C linkages. Thus, there is a distinct possibility that
immediately higher homologs may have paramagnetic, triplet
biradical ground states (S ) 1) best described by the valence
formulation + ReCtC(CtC)xCtCRe +.
With the radical cation 2 +PF6-, IR and ESR data unambigu-

ously show that the rhenium termini are equivalent on the very

rapid time scales associated with these probes (ca. 10-13, 10-9

s). Accordingly, the ground state can be viewed as a resonance
hybrid of structures IX-XI in Scheme 6 (M ) Re), such that
there is a formal half positive charge on each rhenium, and the
odd electron is completely delocalized across the wire-like
bridge. Of these, the ESR data indicate that the two with spin
density on rhenium, + ReCtCCtCRe and ReCtCCtCRe +

(IXa,b), dominate. Analogous electronic structures have been
established for other mixed valence compounds with unsaturated
bridging ligands. As noted above, these are commonly termed
“class III”.4,7
Most mixed valence compounds exhibit a near IR band, and

these also can be used to probe the electronic ground state.4,7
With class III complexes, the absorptions derive from f *
transitions. With localized (class I) or partially delocalized
(class II) complexes, they arise from intervalence or metal-to-
metal charge transfer (IVCT). Since IVCT transitions entail
large changes in charge distributions, often over considerable
distances, they usually show marked solvent dependences.
Importantly, 2 +PF6- gives, within measurement error, solvent
independent bands (Figure 8 and Table 4), consistent with the
class III assignment. However, 2 +PF6- also exhibits three
bands, whereas most mixed valence complexes give only one
band. Thus, possible rationales were considered.
First, near IR bands are not uncommon in radicals.52 For

example, the conjugated radical cations [R(CHdCH)nR] + (n
) 3-13), which can be viewed as oxidized oligomers of
polyacetylene, give progressively red-shifted absorptions.52a
Also, the monochromium radical ( 5-C5Ph5)Cr(CO)3 exhibits
a very broad band near 2500 nm.52b Second, spin-orbit coupling
is much more pronounced with third-row transition metals and
can lift degeneracies in optical transitions. Accordingly, class
I, II, and III diosmium and osmium/ruthenium mixed valence
complexes exhibit two to three near IR bands.53 We believe
this to be the most likely explanation for the multiple absorptions
in Figure 8.
The near IR bands of mixed valence compounds can

furthermore be used to calculate electronic coupling parameters
Vab (also denoted by other symbols).7 With class III complexes,
Vab can be viewed as a resonance stabilization energy, and the
simple formula in Table 4 is applied. Unfortunately, standard
protocols have not been developed for compounds that exhibit
multiple absorptions due to spin-orbit coupling. Depending(49) Such sociology-based terminology could be useful in distinguishing

other classes of Cx complexes I. For example, conjugal families would
feature two unlike metal fragments. Many believe that there is a need for
more humanistic metaphors, and fewer militaristic metaphors, in the
chemical literature.

(50) Peng, T.-S.; Winter, C. H.; Gladysz, J. A. Inorg. Chem. 1994, 33,
2534.

(51) A sample of the cationic ethyne complex that was a 95:5
enantiomer mixture has been converted to 2 that was a 71:29 diastereomer
mixture: Bartik, B., unpublished results, 1994.

(52) (a) Bally, T.; Roth, K.; Tang, W.; Schrock, R. R.; Knoll, K.; Park,
L. Y. J. Am. Chem. Soc. 1992, 114, 2440. (b) Atwood, C. G.; Geiger, W.
E. J. Am. Chem. Soc. 1994, 116, 10849.

(53) (a) Kober, E. M.; Goldsby, K. A.; Narayane, D. N. S.; Meyer, T. J.
J. Am. Chem. Soc. 1983, 105, 4303, and references therein. (b) Lay, P. A.;
Magnuson, R. H.; Taube, H. Inorg. Chem. 1988, 27, 2364. (c) Laidlaw, W.
M.; Denning, R. G. J. Chem. Soc., Dalton Trans. 1995, 1987 and references
therein.

Scheme 6. Other Resonance and Equilibrium Relationships
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u p o n t h e b a n d of 2 • +P F 6
- u s e d, v al u es of 5 6 6 3 - 4 1 6 6 c m - 1 or

0. 7 0 2 - 0. 5 1 6 e V ar e o bt ai n e d ( T a bl e 4). I n ot h er c as es  w h er e
s p e ctr os c o pi c d e g e n er a ci es ar e lift e d, t h e  m ost p h ysi c all y
m e a ni n gf ul p ar a m et ers ar e us u all y e xtr a ct e d fr o m t h e  mi d dl e
a bs or pti o n, or t h e  m ost i nt e ns e a bs or pti o n.  T h us,  w e s u g g est
t h at t h e v al u es ass o ci at e d  wit h b a n d  C c a n b e disr e g ar d e d i n
c o m p aris o ns  wit h ot h er c o m p o u n ds ( b el o w).

A fi n al p oi nt c o n c er ns a n ot h er c o m m o n t est f or cl ass III
c o m pl e x es.  T his e nt ails c al c ul ati n g t h e b a n d  wi dt hs ν̃ 1/ 2

a c c or di n g t o t h e f or m ul a f or cl ass II s yst e ms at t h e b ott o m of
T a bl e 4. 4 I n all c as es, t h e r es ulti n g v al u es ( 5 1 1 5- 4 3 8 7 c m - 1 )
ar e t w o t o t hr e e ti m es gr e at er t h a n t h os e o bs er v e d ( 1 8 0 0 - 1 2 0 0
c m - 1 ).  H e n c e, i n a c c or d  wit h t h e a b o v e c o n cl usi o ns, 2 • +P F 6

-

f ails  w h at is oft e n r e g ar d e d as a di a g n osti c crit eri o n f or cl ass II
c o m pl e x es. 5 4 N o n et h el ess, t o f a cilit at e c o m p aris o ns  wit h ot h er
lit er at ur e tr e at m e nts, V a b v al u es ar e als o c al c ul at e d usi n g t h e
cl ass II f or m ul a gi v e n i n  T a bl e 4.

3.  C o m p a ris o ns t o  Ot h e r  C o m pl e x es .  T h e a b u n d a n c e of
d at a f or o ur dir h e ni u m c o m pl e x es 2 n + n P F 6

- a n d  L a pi nt e’s
diir o n c o m pl e x es 1 9 a, b 3 n + n P F 6

- e n a bl e a v ari et y of i nt er esti n g
c o m p aris o ns. First, t h e cr yst al str u ct ur es a v ail a bl e t o d at e ar e
c o m pl e m e nt ar y: ( S S ,R R )-2 a n d ( S S ,R R )-2 2 + 2 P F 6

- i n o n e s eri es
a n d 3 • +P F 6

- i n t h e ot h er.  T h e  m et al- m et al dist a n c e i n t h e l att er
is s h ort er t h a n i n eit h er dir h e ni u m c o m pl e x ( 7. 4 3 1( 2) vs 7. 8 2 8 8-
( 4)- 7. 6 3 5 0( 8)  Å), as  w o ul d b e e x p e ct e d fr o m t h e i ntri nsi c
c o ntr a cti o n i n ir o n - li g a n d b o n d l e n gt hs.  T h e d e gr e e of c h ai n
b e n di n g ( ∠ C - C - F e/ C, 1 6 7. 0( 6) ° / 1 7 7( 1)° ) is si mil ar t o t h at of
(S S ,R R )-2 2 + 2 P F 6

- ,  w h er e as t h e c ar b o n- c ar b o n b o n d l e n gt hs
( 1. 2 3 6 ( 9), 1. 3 6( 1)  Å) ar e cl os er t o t h os e i n (S S ,R R )-2 .  Als o,
t h e s e c o n d t erti ar y p h os p hi n e  m oi et y r e n d ers t h e ir o n e n d gr o u ps
b ul ki er.  T h us, 3 gi v es a d et e ct a bl e b arri er t o r ot ati o n a b o ut
t h e  M C4 M li n k a g e ( ∆ G q ( 2 2 0  K) ) 9. 9 k c al/ m ol), b ut n ot 2
(- 1 1 0 ° C,  T H F; - 8 0 ° C,  C D 2 Cl 2 ).  Of c o urs e, t h e gr e at er
m et al - m et al dist a n c e i n 2 m a y als o b e a c o ntri b uti n g f a ct or.

T h e s e c o n d t erti ar y p h os p hi n e als o r e n d ers t h e ir o n e n d gr o u ps
m or e el e ctr o n r el e asi n g.  T h us, t h e E ° v al u es,  w hi c h  w er e
m e as ur e d b y c y cli c v olt a m m etr y u n d er i d e nti c al c o n diti o ns i n
C H 2 Cl 2 , s h o w t h at t h e diir o n c o m pl e x es ar e  m u c h e asi er t o
o xi di z e t h er m o d y n a mi c all y ( E ° 1 /E ° 2 : - 0. 6 7 5/ 0. 0 4 5 vs 0. 0 1/
0. 5 4  V). 2 5 F urt h er m or e, t h e E ° 1 a n d E ° 2 v al u es diff er  m or e i n
t h e diir o n s eri es, gi vi n g a l ar g er e q uili bri u m c o nst a nt f or
c o m pr o p orti o n ati o n ( K c 1. 9 × 1 0 1 2 ( 2 2. 5 ° C) 3 4 b v s 1. 1 × 1 0 9

( 2 2. 5 ° C)).  N ot e t h at t h e gr e at er t h e ( 1) r es o n a n c e st a bili z ati o n
of t h e  mi x e d v al e n c e s p e ci es or ( 2) el e ctr ost ati c r e p ulsi o n
ass o ci at e d  wit h t h e s e c o n d p ositi v e c h ar g e, t h e  m or e f a cil e t h e
first o xi d ati o n r el ati v e t o t h e s e c o n d.  T h us, K c v al u es pr o vi d e
a n alt er n ati v e  m e as ur e of el e ctr o ni c c o u pli n g b et w e e n  m et al
c e nt ers a n d us u all y tr a c k V a b v al u es.  H o w e v er, t h er e c a n b e
s u bst a nti al s ol v e nt d e p e n d e n c es, as e x e m plifi e d b y t h e > 5 0 f ol d
d e cr e as e i n K c f or t h e dir h e ni u m c o m pl e x es i n t h e  m or e p ol ar
s ol v e nt  C H 3 C N ( 2. 1 × 1 0 7 ).

T h e gr o u n d st at e el e ctr o ni c str u ct ur es of 2 a n d 3 ar e
a n al o g o us.  H o w e v er, 3 2 + 2 P F 6

- e x hi bits 1 H  N M R si g n als o v er
a  m u c h  wi d er c h e mi c al s hift r a n g e ( δ - 7 t o 1 0) t h a n 2 2 + 2 P F 6

- .
Als o, t h e I R υ C C b a n ds ( 2 1 6 0  w, 1 9 5 0  m; c m - 1 , C H2 Cl 2 ) ar e at
hi g h er fr e q u e n c y t h a n t h os e of 3 • +P F 6

- ( 1 9 7 3  w, 1 8 8 0  m) or 3
( 1 9 5 5  m, 1 8 8 0  w).  T h e I R/ R a m a n tr e n d is o p p osit e i n t h e
dir h e ni u m s eri es ( T a bl e 1), p ar all eli n g t h e b o n d or d ers. F ur-
t h er m or e, 3 2 + 2 P F 6

- gi v es  m a g n eti c  m o m e nts of 1. 2 9 a n d 1. 3 7
µ B i n s ol uti o n a n d t h e s oli d st at e.  Alt h o u g h n o  E S R si g n al c a n
b e d et e ct e d, p ar a m a g n eti c c o m p o u n ds ar e oft e n  E S R sil e nt.
T h us, 3 2 + 2 P F 6

- m a y h a v e a tri pl et bir a di c al gr o u n d st at e ( S )
1) t h at is b est d es cri b e d b y a +• F e C t C C t C F e • + v al e n c e
f or m ul ati o n as s h o w n i n 3 a • +P F 6

- i n S c h e m e 5.  Alt er n ati v el y,

t h es e d at a  m a y r efl e ct a  m u c h l o w er si n gl et/tri pl et e n er g y
s p a ci n g t h a n f or 2 2 + 2 P F 6

- .  R e g ar dl e s s, t h er e a p p e ars t o b e
eit h er a str o n g er el e ctr o ni c c o u pli n g of  m et al c e nt ers  wit h
r h e ni u m or a gr e at er st a bili z ati o n of a n o p e n s h ell str u ct ur e  wit h
ir o n.

T h e r a di c al c ati o ns 2 • +P F 6
- a n d 3 • +P F 6

- b ot h h a v e d el o c al-
i z e d gr o u n d st at e el e ctr o ni c str u ct ur es, as r e pr es e nt e d i n S c h e m e
6 (t o p). I m p ort a ntl y, t his c o n cl usi o n is r ei nf or c e d b y c o m pl e-
m e nt ar y arr a ys of s p e ctr os c o pi c t ests. F or e x a m pl e, t h e ir o n
t er mi ni i n 3 • +P F 6

- c a n b e u ni q u el y pr o b e d b y  M ö s s b a u er
s p e ctr os c o p y.  O nl y o n e d o u bl et is o bs er v e d at t e m p er at ur es as
l o w as 4. 2  K,  wit h a q u a dr u p ol e s plitti n g cl os e t o t h e a v er a g e
of 3 a n d 3 2 + 2 P F 6

- .  T h us, o nl y o n e t y p e of ir o n is pr es e nt o n
t h e r a pi d ti m e s c al e of t his  m e as ur e m e nt ( 1 0- 9 s). Si mil arl y,
t h e P F6 - a ni o n is s y m m etri c all y dis p os e d  wit h r e g ar d t o t h e
ir o n t er mi ni i n cr yst alli n e 3 • +P F 6

- .  As d et ail e d a b o v e, t h e
dir h e ni u m a n al o g 2 • +P F 6

- off ers a nitr os yl s p e ct at or li g a n d  wit h
a n i nt e ns e I R a bs or pti o n t h at is v er y s e nsiti v e t o c h ar g e, as  w ell
as e asil y i nt er pr et e d  E S R  m ulti pli cit y a n d A is o, R e v al u es.

I n c o ntr ast t o 2 • +P F 6
- , 3 • +P F 6

- gi v es a si n gl e n e ar I R b a n d,
w hi c h is as e x p e ct e d s ol v e nt i n d e p e n d e nt.  T h er ef or e, V a b c a n
b e u n a m bi g u o usl y c al c ul at e d.  Usi n g t h e cl ass III f or m ul a ( T a bl e
4), a v al u e of 0. 4 7 e V is o bt ai n e d, as c o m p ar e d t o 0. 7 0 2 e V
fr o m t h e  m ost i nt e ns e b a n d  A of 2 • +P F 6

- , or 0. 6 2 0 e V fr o m
t h e “ a v er a g e ” b a n d  B.  A sli g htl y i n v ert e d tr e n d is o bt ai n e d
fr o m t h e cl ass II f or m ul a ( 0. 1 9 e V vs 0. 1 8 or 0. 1 1 e V). I n
vi e w of t h e a p pr o xi m ati o ns i n h er e nt i n t h es e tr e at m e nts,  w e
h esit at e t o i nf er t h at t h er e is str o n g er el e ctr o ni c c o u pli n g i n
2 • +P F 6

- , p arti c ul arl y i n vi e w of t h e l o w er K c v al u e.  H o w e v er,
it is cl e ar t h at b ot h o urs a n d  L a pi nt e’s  mi x e d v al e n c e c o m pl e x es
r a n k  wit h t h e  m ost str o n gl y c o u pl e d i n t h e lit er at ur e, r e g ar dl ess
of s p a c er t y p e or  m et al - m et al dist a n c e. 5 5

A d diti o n al c o m p aris o ns ar e p ossi bl e  wit h ot h er c o m pl e x es
of t h e t y p e I. F or e x a m pl e, t h e iss u e of di a m a g n eti c, si n gl et
vs p ar a m a g n eti c, tri pl et el e ctr o ni c gr o u n d st at es h as b e e n pr o b e d
at l e ast o n c e pr e vi o usl y. 5 6 A s s h o w n i n S c h e m e 6 ( b ott o m),
t h e ditit a ni u m  C2 c o m pl e x ( η 5 - C5 H 5 )2 Ti( P M e 3 )( C C)( M e3 P) Ti-
(η 5 - C5 H 5 )2 (4 ) c a n b e pl a u si bl y f or m ul at e d  wit h eit h er
Ti d C d C d Ti or •Ti- C t C- Ti • li n k a g es.  T h e f or m er (4 a ) is
c h ar a ct eri z e d b y  Ti(I V) or  Ti(II) t er mi ni,  w h er e as t h e l att er ( 4 b )
h as  Ti(III) t er mi ni.  All p ossi biliti es h a v e a b u n d a nt pr e c e d e nt
i n bis( c y cl o p e nt a di e n yl) tit a ni u m c o m p o u n ds.  T h e  N M R a n d
cr yst all o gr a p hi c d at a cl e arl y est a blis h e d t h e s pi n- p air e d gr o u n d
st at e 4 a .

As s h o w n i n S c h e m e 5, t h e c ar b o n t er mi ni of t h e h e x a c o b alt
C 4 c o m pl e x ( C O) 9 C o 3 C C t C C C o 3 ( C O)9 (5 )5 7 ar e b o u n d t o t hr e e
m et als, as o p p os e d t o a si n gl e  m et al as i n I.  H e n c e, t his
r e pr es e nts a diff er e nt cl ass of c ar b o n c h ai n c o m pl e x, alt h o u g h
t h e v al e n c e sit u ati o n is r e mi nis c e nt of t h at i n I c ( S c h e m e 1).
R e g ar dl ess, 5 u n d er g o es t w o c h e mi c all y r e v ersi bl e o n e el e ctr o n
r e d u cti o ns  wit h E ° 1 a n d E ° 2 v al u es t h at diff er b y 0. 2 0 - 0. 3 0  V,
d e p e n di n g u p o n s ol v e nt.  T his hi nts at a n ot h er p ot e nti all y

( 5 4) F or a c a v e at, s e e:  At w o o d,  C.  G.;  G ei g er,  W.  E.;  R h ei n g ol d,  A.  L.
J.  A m.  C h e m. S o c. 1 9 9 3 , 1 1 5 , 5 3 1 0.

( 5 5)  A d diti o n al s y m m etri c al cl ass III c o m pl e x es  wit h hi g h V a b or K c

v al u es c a n b e l o c at e d t hr o u g h r ef 3, 7, 1 9, 3 8, 4 0 b, 5 0 b, a n d t h e f oll o wi n g.
( a) V a b 5 3 2 0 c m - 1 , K c 3. 3 × 1 0 8 ( C H3 C N, 2 2. 5 ° C): 3 4 b S pr e er,  L.  O.;  Li,
A.;  M a c Q u e e n,  D.  B.;  All a n,  C.  B.;  Ot v os, J.  W.;  C al vi n,  M.; Fr a n k el,  R.
B.; P a p a eft h y mi o us,  G.  C. I n or g.  C h e m. 1 9 9 4 , 3 3 , 1 7 5 3. ( b) V a b 6 2 0 0 c m - 1 ,
K c 4. 8 × 1 0 1 5 ( C H3 C N, 2 2. 5 ° C): 3 4 b S pr e er,  L.  O.;  All a n,  C.  B.;  M a c Q u e e n,
D.  B.;  Ot v os, J.  W.;  C al vi n,  M. J.  A m.  C h e m. S o c. 1 9 9 4 , 1 1 6 , 2 1 8 7. ( c) K c

3. 6 × 1 0 1 7 ( T H F, 2 2. 5 ° C): 3 4 b M a nri q u e z, J.  M.;  W ar d,  M.  D.;  R eiff,  W.
M.;  C al a br es e, J.  C.; J o n es,  N.  L.;  C arr oll, P. J.;  B u n el,  E.  E.;  Mill er, J. S.
J.  A m.  C h e m. S o c. 1 9 9 5 , 1 1 7 , 6 1 8 2. ( d) V a b 2 8 0 0 c m - 1 , K c 5. 2 × 1 0 9 ( C H3 -
C N, 2 2. 5 ° C): 3 4 b B ar d w ell,  D.  A.;  H ors b ur g h,  L.; J eff er y, J.  C.; J o uli e´,  L.
F.;  W ar d,  M.  D.;  W e bst er, I.;  Y ell o wl e es,  L. J. J.  C h e m. S o c.,  D alt o n Tr a ns.
1 9 9 6 , 2 5 2 7.

( 5 6)  Bi n g er, P.;  M üll er, P.; P hilli ps, P.;  G a b or,  B.;  M y n ott,  R.;  H err m a n n,
A.  T.;  L a n g h a us er, F.;  Kr ü g er,  C. C h e m . B er . 1 9 9 2 , 1 2 5 , 2 2 0 9.

( 5 7) ( a)  W ort h,  G.  H.;  R o bi ns o n,  B.  H.; Si m ps o n, J. Or g a n o m et alli cs
1 9 9 2 , 1 1 , 3 8 6 3. ( b)  Os ell a,  D.;  G a m bi n o,  O.;  N e vi,  C.;  R a v er a,  M.;
B ert oli n o,  D. I n or g. C hi m . A ct a 1 9 9 3 , 2 0 6 , 1 5 5.

7 8 6 J.  A m.  C h e m. S o c.,  V ol. 1 1 9,  N o. 4, 1 9 9 7 Br a d y et al.



isolable consanguineous family. Finally, cyclic voltammograms
of the dirhenium C4 complex (t-Bu2bpy)(CO)3Re(CtCCtC)-
Re(CO)3(t-Bu2bpy) show only irreversible oxidations and
reductions.20h
4. Longer Carbon Chains. The unsaturated ReC4Re

linkage in 2 +PF6- allows electron delocalization over a six
atom, 7.73 Å span. The most compelling question, from a
variety of theoretical and practical standpoints, concerns the
behavior of higher and more wire-like homologs. This in turn
interfaces with the topical subject of carbon allotropes.9
Importantly, the classical polymeric sp3 and sp2 allotropes,
diamond and graphite, must terminate with endgroups that differ
from their repeat units. Thus, at sufficiently high chain lengths,
Cx complexes I can analogously be viewed as polymeric sp
carbon allotropes.
Indeed, the carbon chains in 2n+ nPF6- can be significantly

extended. The longest chain complex isolated to date is the
C20 homolog of 2, which features ten conjugated triple bonds.13b
However, the polyalkynyl compounds exhibit progressively less
reversible oxidations and diminishing E°2-E°1 values (0.28,
0.19, 0.09, and 0.00 V (CH2Cl2) for C8, C12, C16, and C20
chains). The latter translate into decreasing Kc values (5.9
104, 1.7 103, 3.4 101, 4; 22.5 °C) and degrees of electronic
coupling between the termini. Analogous trends have been
observed for bimetallic complexes in which pyridyl or cyclo-
pentadienyl ligands are linked by polyalkenyl bridges.3,58 The
Kc value of the C8 homolog of 3 +PF6- drops by a similar order
of magnitude (2.1 107 vs 1.9 1012, 22.5 °C),34b although
the Vab value remains comparable (0.32 vs 0.47 eV).19c
We have begun to explore strategies that may increase

electronic communication between rhenium termini. In one
effort, similar complexes with ReCtCCtCPdCtCCtCRe
linkages have been studied.14 However, oxidation gives a
radical cation that, on the ESR time scale, remains localized
on one rhenium (sextet, Aiso,Re ) 140 G). Hence, the palladium
does not provide an efficient “relay”. Another effort involves
analogs of 2n+ nPF6- with more electron releasing and bulkier
phosphines.18 More electron releasing spectator ligands should
facilitate oxidation and have the potential to increase electronic
coupling. Indeed, slightly higher Vab and Kc values have been
obtained.18 Bulkier spectator ligands may retard the dimeriza-
tion that is suspected as the major decomposition pathway for
the radical cations.35
Finally, there are many other attractive directions in which

the present body of data can be extended. As noted above,
conjugal families of Cx complexes with iron and rhenium
endgroups are now available21 and will provide additional insight
regarding many of the questions involving 2n+ nPF6- and 3n+

nPF6-. Furthermore, alkynyl and polyalkynyl linkages are of
exceptional utility in a variety of materials chemistry applica-
tions, featuring prominently in macrocycles, porphyrin arrays,
rigid rod polymers, sensory materials, and liquid crystals.59
Numerous supramolecular assemblies are also readily envi-
sioned. These and other themes will be represented in future
reports from this laboratory.

Experimental Section

General Data. Most instruments and general procedures have been
described previously.14,37 Near IR spectra were recorded on a CARY
17 spectrometer. Solvents were purified as follows: CH2Cl2/CD2Cl2,
distilled/vacuum transferred from CaH2; ether, THF, hexane, benzene,

distilled from Na/benzophenone; toluene, distilled from Na; C6D6,
vacuum transferred from LiAlH4. Other materials were used as received.
( 5-C5Me5)Re(NO)(PPh3)(CtCCtC)(Ph3P)(ON)Re( 5-C5Me5) (2).

A Schlenk tube was charged with ( 5-C5Me5)Re(NO)(PPh3)(CtCH)
(1, 0.200 g, 0.313 mmol),17 Cu(OAc)2 (0.085 g, 0.47 mmol) and
pyridine (3 mL). The mixture was stirred for 2 h at 80 °C (oil bath).
Solvent was removed by mechanical oil pump vacuum, and the residue
was dissolved in THF (5 mL). Silica gel column chromatography
(THF) gave an orange-red fraction. Solvent was removed by oil pump
vacuum to give 2 as an orange-brown powder (0.176 g, 0.138 mmol,
88%).
(SS,RR)-2 2CH2Cl2. The preceding sample of 2 was dissolved in

a minimum of CH2Cl2. A layer of hexane was gently added. After
24 h, the red-orange microcrystals were collected by filtration and dried
by oil pump vacuum to give (SS,RR)-2 2CH2Cl2 (0.040 g, 0.028 mmol,
20%), mp > 250 °C. Calcd for C62H64Cl4N2O2P2Re2: C, 51.52; H,
4.46; Cl, 9.81. Found: C, 51.69; H, 4.50; Cl, 9.59. IR/Raman, Table
1; 1H NMR ( , THF-d8) 7.56-7.48 (m, 12H of 6C6H5), 7.26-7.17
(m, 18H of 6C6H5), 1.68 (s, 2C5(CH3)5); 13C{1H} NMR (ppm, THF-
d8) 135.2 (s, o-Ph), 130.3 (s, p-Ph), 128.5 (s, m-Ph), 100.71 (s, C5-
(CH3)5), 10.28 (s, C5(CH3)5); 31P{1H} NMR (ppm, THF-d8) 21.8 (br
s); UV/vis (nm ( , M-1 cm-1), 1.7 10-5 M CH2Cl2) 232 (65 000),
270 sh (31 000), 346 (20 500); MS (positive FAB, 3-NBA/benzene)60
1276 (2+, 100%), 614 (( 5-C5Me5)Re(NO)(PPh3)+, 89%); no other
peaks above 310 of >45%.
(SR,RS)-2. The supernatants from crystallizations of (SS,RR)-

2 2CH2Cl2 gave 70-64:30-36 (SR,RS)-2/(SS,RR)-2 mixtures. Partial
NMR data (THF-d8, SR,RS): 1H ( ) 1.69 (s, C5(CH3)5); 13C{1H} (ppm)
100.65 (s, C5(CH3)5), 10.34 (s, C5(CH3)5); 31P{1H} (ppm) 21.5 (br s).
(SS,RR)-2-13C4. This complex was prepared from 1-13C2

61 by a
procedure analogous to that for (SS,RR)-2. IR, Table 1; 13C{1H} NMR
(ppm, C6D6/THF-d8, ambient/-100 °C) 117.5/116.4 (dd, JCC 97.2/98.1,
47.6/50.4 Hz, ReCC), 95.8/96.4 (ddd, JCC 96.5/96.6, 47.1/50.2 Hz, JCP
10.9/12.7 Hz, ReC); 31P{1H} NMR (ppm, THF-d8, -95 °C) 22.0 (d,
JCP 14.5 Hz).
(SS,RR)-22+2PF6

-. A Schlenk tube was charged with Ag+PF6-

(0.024 g, 0.093 mmol) and toluene (5 mL). A solution of (SS,RR)-
2 2CH2Cl2 (0.041 g, 0.028 mmol) in toluene (5 mL) was added
dropwise by syringe with stirring. A deep blue precipitate formed
immediately, which after 15 min was collected on a medium frit, washed
with toluene (2 3 mL) and ether (3 2 mL), dried in air, and
extracted with CH2Cl2 (5 mL). The extract was filtered through a Celite
pad and concentrated to ca. 2 mL. Ether (7 mL) was added. The
precipitate was isolated by filtration and dissolved in a minimum of
CH3CN. Toluene (8 mL) was added. The dark blue microcrystals were
isolated by filtration and dried by oil pump vacuum to give (SS,RR)-
22+2PF6- (0.037 g, 0.024 mmol, 86%), mp 203-207 °C dec. Calcd
for C60H60F12N2O2P4Re2: C, 46.04; H, 3.86. Found: C, 45.91; H, 4.08.
IR/Raman, Table 1; 1H NMR ( , CD2Cl2) 7.63-7.25 (m, 6C6H5), 2.03
(s, 2C5(CH3)5); 31P {1H} NMR (ppm, CD2Cl2) 24.5 (br s) or 26.8/28.4
(s/s, 62:38, -93 °C); UV-vis (nm ( , M-1 cm-1), 2.9 10-5 M CH2-
Cl2) 234 (57 000), 270 sh (25 000), 392 (41 000), 574 (30 000); MS
(positive FAB, 3-NBA/benzene)60 1276 (2+, 100%), 638 (22+, 43%),
614 (( 5-C5Me5)Re(NO)(PPh3)+, 80%); no other peaks above 460 of
>15%.
(SR,RS)-22+2PF6

-. This complex was prepared as 85-62:15-38
SR,RS/SS,RR mixtures from (SR,RS)/(SS,RR)-2 mixtures by procedures
analogous to that for (SS,RR)-22+2PF6-. Partial NMR data (SR,RS,
CD2Cl2): 1H ( ) 1.97 (s, C5(CH3)5); 31P{1H} (ppm) 23.6 (br s) or 26.1/
28.2 (s/s, 89:11, -93 °C).
(SS,RR)-22+-13C4 2PF6

-. This complex was prepared from (SS,RR)-
2-13C4 by a procedure analogous to that for (SS,RR)-22+2PF6-. IR,
Table 1; 13C{1H} NMR (ppm, CD2Cl2) 305.1 (ddd, JCC 77.0, 40.7 Hz,
JCP 12.3 Hz, ReC), 213.5 (dd, JCC 77.0, 40.7 Hz, ReCC), 133.4 (d, JCP
15.3 Hz, o-Ph), 133.4 (s, p-Ph), 130.0 (d, JCP 11.2 Hz, m-Ph), 114.3 (s,
C5(CH3)5), 10.6 (s, C5(CH3)5).
(SS,RR)-2 +PF6

-. (A) A Schlenk tube was charged with (SS,RR)-
2 2CH2Cl2 (0.080 g, 0.055 mmol) and toluene (3 mL). A solution of
Ag+PF6- (0.014 g, 0.055 mmol) in toluene (2 mL) was added dropwise
by syringe with stirring. A green-brown solid formed immediately and
after 15 min was collected on a medium frit, washed with toluene (2

(58) (a) Thomas, J. A.; Jones, C. J.; McCleverty, J. A.; Collison, D.;
Mabbs, F. E.; Harding, C. J.; Hutchings, M. G. J. Chem. Soc., Chem.
Commun. 1992, 1796. (b) Tolbert, L. M.; Zhao, X.; Ding, Y.; Bottomley,
L. A. J. Am. Chem. Soc. 1995, 117, 12891.

(59) Zhou, Q.; Swager, T. M. J. Org. Chem. 1995, 60, 7096, and the
introductory reference list therein.

(60) m/z for most intense peak of isotope envelope; relative intensities
are for the specified mass range.
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× 1  m L), a n d e xtr a ct e d  wit h  C H 2 Cl 2 ( 5  m L).  T h e e xtr a ct  w as filt er e d
t hr o u g h a  C elit e p a d, a n d s ol v e nt  w as r e m o v e d b y oil p u m p v a c u u m.
T h e r esi d u e  w as diss ol v e d i n a  mi ni m u m of  C H 3 C N, a n d t ol u e n e ( 5
m L)  w as a d d e d.  T h e s ol uti o n  w as c o n c e ntr at e d, a n d t h e d ar k gr e e n
p o w d er  w as c oll e ct e d o n a  m e di u m frit,  w as h e d  wit h et h er, a n d dri e d
b y oil p u m p v a c u u m t o gi v e ( S S ,R R )-2 • +P F 6

- ( 0. 0 5 4 g, 0. 0 3 8  m m ol,
6 9 %). ( B )  A S c hl e n k t u b e  w as c h ar g e d  wit h (S S ,R R )-2 2 + 2 P F 6

- ( 0. 0 2 5
g, 0. 0 1 6  m m ol) a n d  C H 2 Cl 2 ( 3  m L).  A s ol uti o n of (S S ,R R )-2 ‚2 C H 2 -
Cl 2 ( 0. 0 2 5 g, 0. 0 1 7  m m ol) i n  C H2 Cl 2 ( 3  m L)  w as a d d e d dr o p wis e b y
s yri n g e  wit h stirri n g.  T h e s ol uti o n  w as c o n c e ntr at e d t o c a. 2  m L, a n d
t ol u e n e ( 5  m L)  w as a d d e d.  T h e s ol uti o n  w as c o n c e ntr at e d.  T h e
s u p er n at a nt  w as d e c a nt e d fr o m t h e oil y gr e e n pr e ci pit at e,  w hi c h  w as
diss ol v e d i n a  mi ni m u m of  C H 2 Cl 2 .  Et h er ( 5  m L)  w as a d d e d. S ol v e nts
w er e r e m o v e d b y oil p u m p v a c u u m t o gi v e ( S S ,R R )-2 • +P F 6

- a s a d ar k
gr e e n p o w d er ( 0. 0 2 3 g, 0. 0 1 6  m m ol, 5 0 %),  m p 1 0 8 - 1 1 1 °C d e c.  C al c d
f or  C6 0 H 6 0 F 6 N 2 O 2 P 3 R e 2 :  C, 5 0. 7 3;  H, 4. 2 6. F o u n d:  C, 5 0. 7 2;  H, 4. 4 7.
I R/ R a m a n,  T a bl e 1; 3 1 P { 1 H } N M R ( p p m,  T H F- d 8 , - 8 0 ° C) 2 3. 0 ( v br
s);  U V/ vis/ n e ar-I R ( n m ( , M- 1 c m - 1 ), 1. 7 × 1 0 - 5 M C H 2 Cl 2 ) 2 3 2
( 6 0 0 0 0), 2 7 0 s h ( 2 4 0 0 0), 3 4 8 ( 2 4 0 0 0), 4 5 4 s h ( 6 4 0 0), 8 8 3 ( 1 5 0 0 0),
1 0 0 0 ( 9 4 0 0), 1 2 0 0 ( 3 2 0 0);  M S ( p ositi v e F A B, 3- N B A/ b e n z e n e) 6 0 1 2 7 6
(2 + , 8 1 %), 6 4 2 ( 9 9 %), 6 1 4 ((η 5 - C5 M e 5 ) R e( N O)( P P h3 )+ , 1 0 0 %); n o ot h er
p e a ks a b o v e 3 1 0 of > 3 3 %.

(S S ,R R )- 2• +-1 3 C 4 P F 6
- . T his c o m pl e x  w as pr e p ar e d fr o m ( S S ,R R )-

2 -1 3 C 4 a n d ( S S ,R R )-2 2 + -1 3 C 4 2 P F 6
- b y a pr o c e d ur e a n al o g o us t o  m et h o d

B f or ( S S ,R R )-2 • +P F 6
- . I R,  T a bl e 1.

R e d u cti o ns of 2 • +P F 6
- . A S c hl e n k fl as k  w as c h ar g e d  wit h ( S S ,R R )-

2 • +P F 6
- ( 0. 0 2 0 g, 0. 0 1 4  m m ol) a n d  C H2 Cl 2 ( 5  m L).  T h e s ol uti o n  w as

stirr e d f o r 4 h i n t h e d ar k. S ol v e nt  w as r e m o v e d b y oil p u m p v a c u u m,
a n d a fr es hl y pr e p ar e d  T H F s ol uti o n of s o di u m n a p ht h al e ni d e ( 0. 0 1 5
m m ol)  w as a d d e d dr o p wis e.  T h e br o w n s ol uti o n  w as filt er e d t hr o u g h
a  C elit e p a d o n a fritt e d f u n n el. S ol v e nt  w as r e m o v e d fr o m t h e filtr at e
b y oil p u m p v a c u u m t o gi v e cr u d e 2 ( 0. 0 1 7 g, 0. 0 1 2  m m ol).  A 3 1 P
N M R s p e ctr u m i n di c at e d c a. 8 5 % p urit y ( 7 2 % yi el d).  A n al ysis b y 1 H
a n d 3 1 P  N M R (- 9 0 ° C,  T H F- d 8 ) s h o w e d o nl y (S S ,R R )-2 .  A n a n al o g o us
e x p eri m e nt  wit h a 6 5: 3 5 ( S R ,R S )/(S S ,R R )-2 • +P F 6

- mi xt ur e g a v e a 6 5:
3 5 ( S R ,R S )/(S S ,R R )-2 mi xt ur e.

E S R. A 4  m m q u art z t u b e  w as c h ar g e d  wit h a 7 × 1 0 - 3 M C H 2 Cl 2

s ol uti o n of ( S S ,R R )-2 • +P F 6
- . S p e ctr a  w er e r e c or d e d o n a  Br u k er  E R

2 0 0 D- S R C s p e ctr o m et er ( X- b a n d fr e q u e n c y r a n g e, a m bi e nt t e m p er at ur e,
m o d ul ati o n fr e q u e n c y 1 0 0  K H z).  T h e  m a g n eti c fi el d  w as c ali br at e d
i m m e di at el y aft er w ar ds  wit h di p h e n yl pi cr yl h y dr a zi d e ( g 2. 0 0 3 5 (
0. 0 0 0 2) e xt er n al st a n d ar d,  wit h o ut c h a n gi n g t h e fr e q u e n c y of t h e
mi cr o w a v e bri d g e. S e c o n d or d er c orr e cti o ns  w er e a p pli e d. 6 2

C y cli c  V olt a m m et r y. A n  E G & G Pri n c et o n  A p pli e d  R es e ar c h
M o d el 2 7 3 p ot e nti ost at  w as e m pl o y e d.  C ells  w er e fitt e d  wit h Pt
w or ki n g ( 2. 0 - 1. 6  m m 2 ) a n d c o u nt er el e ctr o d es a n d a  A g  wir e
ps e u d or ef er e n c e el e ctr o d e.  All  C H 3 C N s ol uti o ns  w er e 2 - 5 × 1 0 - 3

M i n 2 , 0. 1 M i n Et4 N + Cl O 4
- ( dri e d b y oil p u m p v a c u u m, 7 0 ° C), a n d

pr e p ar e d u n d er ar g o n.  All  C H 2 Cl 2 s ol uti o ns  w er e 2 - 8 × 1 0 - 3 M i n
2 , 0. 1 M i n n - B u4 N + B F 4

- ( cr yst alli z e d fr o m et h a n ol/ h e x a n e a n d dri e d
b y oil p u m p v a c u u m), a n d pr e p ar e d u n d er nitr o g e n. F err o c e n e  w as
s u bs e q u e ntl y a d d e d, 2 5 a n d c ali br ati o n v olt a m m o gr a ms r e c or d e d.  T h e
a m bi e nt l a b or at or y t e m p er at ur e  w as 2 2. 5 ( 1 ° C.

C r yst all o g r a p h y. D at a  w er e c oll e ct e d o n d ar k r e d or bl u e pris ms
of ( S S ,R R )-2 ‚2 C H 2 Cl 2 or ( S S ,R R )-2 2 + 2 P F 6

- (fr o m  C H2 Cl 2 / et h er, v a p or
diff usi o n) p er  T a bl e 2.  C ell c o nst a nts  w er e o bt ai n e d fr o m 2 5 r efl e cti o ns
wit h 1 0 ° < 2 θ < 2 0 ° a n d 1 5 ° < 2 θ < 2 5 ° , r es p e cti v el y. S p a c e gr o u ps
w er e d et er mi n e d fr o m s yst e m ati c a bs e n c es ( n o n e a n d h 0 l, l ) 2 n , 0k 0,
k ) 2 n ) a n d s u bs e q u e nt l e ast-s q u ar es r efi n e m e nt.  L or e nt z, p ol ari z ati o n,
a n d e m piri c al a bs or pti o n ( Ψ s c a ns) c orr e cti o ns  w er e a p pli e d. Str u ct ur es
w er e s ol v e d b y st a n d ar d h e a v y- at o m t e c h ni q u es  wit h t h e S D P or
M O L E N  V A X p a c k a g es.  T h e l att er  w as r efi n e d  wit h S H E L X L- 9 3. 6 3

N o n- h y dr o g e n at o ms  w er e r efi n e d  wit h a nis otr o pi c t h er m al p ar a m et ers.
H y dr o g e n at o m p ositi o ns  w er e c al c ul at e d a n d a d d e d t o t h e str u ct ur e
f a ct or c al c ul ati o ns, b ut  w er e r efi n e d o nl y f or (S S ,R R )-2 2 + 2 P F 6

- (ri di n g
m o d el). S c att eri n g f a ct ors, a n d ∆ f ′ a n d ∆ f ′′ v al u es,  w er e t a k e n fr o m
t h e lit er at ur e.6 4 Ot h er d at a ar e gi v e n i n t h e S u p p orti n g I nf or m ati o n
(- 1 0 0 °C str u ct ur e) a n d t h e S u p p orti n g I nf or m ati o n of a c o m m u ni c ati o n
( 1 6 ° C str u ct ur es). 1 2 a

C o m p ut ati o ns. T h e g e o m etr y o pti mi z ati o ns  w er e c arri e d o ut at t h e
H F l e v el of t h e or y usi n g a q u asi-r el ati visti c eff e cti v e (s m all) c or e
p ot e nti al ( E C P) f or r h e ni u m. 6 5 T h e r h e ni u m 5s 2 a n d 5 p 6 el e ctr o ns  w er e
tr e at e d e x pli citl y as p art of t h e v al e n c e s p a c e.  A ( 4 4 1/ 2 1 1 1/ 2 1) s plit-
v al e n c e b asis s et  w as us e d f or t h e 1 5 o ut er c or e a n d v al e n c e r h e ni u m
el e ctr o ns.  A 6- 3 1 G( d) all el e ctr o n b asis s et  w as us e d f or h y dr o g e n,
c ar b o n, nitr o g e n, a n d o x y g e n,  w hil e a ps e u d o p ot e nti al  wit h a ( 3 1/ 3 1/
1) v al e n c e b asis s et  w as us e d f or p h os p h or us a n d c hl ori n e. 6 6 T h e d
p ol ari z ati o n f u n cti o ns h a v e fi v e s p h eri c al c o m p o n e nts.  T his b asis s et
c o m bi n ati o n is o ur st a n d ar d b asis s et II. 6 7 T h e g e o m etr y o pti mi z ati o ns
of ( Cl) R e( N O)( P H 3 )( C C C C)( H3 P)( O N) R e( Cl) ( 2 ′) a n d 2 ′2 + w er e c arri e d
o ut  wit h o ut s y m m etr y c o nstr ai nts, e x c e pt t h at p h os p h or us- h y dr o g e n
dist a n c es  w er e f or c e d t o b e t h e s a m e.  N u m eri c al fr e q u e n c y c al c ul ati o ns
of 2 ′ a n d 2 ′2 + w er e n ot c o n d u ct e d f or c o m p ut ati o n al r e as o ns. Si n c e
o pti mi z ati o ns  w er e p erf or m e d i n  C 1 s y m m etr y, str u ct ur es ar e b eli e v e d
t o b e p ot e nti al e n er g y s urf a c e  mi ni m a.  Vi br ati o n al fr e q u e n c y c al c ul a-
ti o ns  w er e c arri e d o ut f or h y dr o c ar b o n s u bstr at es, a n d t h eir o pti mi z e d
g e o m etri es ar e e n er g y  mi ni m a.  T h e c al c ul ati o ns e m pl o y e d t h e pr o gr a m
p a c k a g es  G a ussi a n 9 2 6 8 a a n d  G a ussi a n 9 4. 6 8 b T h e el e ctr o n d e nsit y
distri b uti o n F (r ), gr a di e nt v e ct or fi el d ∇ F (r ), a n d ass o ci at e d  L a pl a ci a n
∇ 2 F (r ) c al c ul ati o ns us e d t h e pr o gr a ms P R O AI M, S A D D L E,  G RI D, a n d
G R D V E C. 6 9

A c k n o wl e d g m e nt. T his  w or k  w as s u p p ort e d b y t h e  N S F,
D F G ( S o n d erf ors c h u n gs b er ei c h 2 6 0 a n d  Gr a d ui ert e n k oll e g
“ M et all or g a nis c h e  C h e mi e ”), F o n ds d er  C h e mis c h e n I n d ustri e,
a n d  Al e x a n d er v o n  H u m b ol dt F o u n d ati o n.  W e t h a n k  Dr.  R. S.
M c L e a n ( d u P o nt) f or  m a g n eti c s us c e pti bilit y  m e as ur e m e nts,
Pr of ess ors J. S.  Mill er ( Ut a h) a n d  C.  L a pi nt e ( R e n n es) f or
h el pf ul dis c ussi o ns, a n d t h e  H R Z  M ar b ur g,  H H L R Z  D ar mst a dt,
a n d  H L R Z J üli c h f or e x c ell e nt s er vi c e.

N ot e  A d d e d i n  P r o of. A s eri es of  R u C 4 R u c o m pl e x es  wit h
(η 5 - C5 H 5 ) R u( P P h3 )( L) e n d gr o u ps h as r e c e ntl y b e e n r e p ort e d.
T h es e c a n b e g e n er at e d i n as  m a n y as fiV e o xi d ati o n st at es a n d
h a v e b e e n is ol at e d i n t hr e e:  Br u c e,  M. I.;  D e nis o vi c h,  L. I.;
L o w, P. J.; P er e g u d o v a, S.  M.;  Ust y n y u k,  N.  A. M e n d el e e V .
C o m m u n. 1 9 9 6 , 2 0 0.

S u p p o rti n g I nf o r m ati o n  A v ail a bl e: T a bl es of at o mi c
c o or di n at es a n d a nis otr o pi c t h er m al p ar a m et ers ( - 1 0 0 ° C) f or
(S S ,R R )-2 2 + 2 P F 6

- ( 4 p a g es). S e e a n y c urr e nt  m ast h e a d p a g e
f or or d eri n g a n d I nt er n et a c c ess i nstr u cti o ns.

J A 9 6 3 1 8 1 7
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