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In the mid-1990s, the first examples of complexes containing triple bonds between transition metals
and heavier analogues of the carbon as well as the nitrogen groups were reported, thus signaling the
beginning of a new era in organometallic chemistry. Since then the progress in this field has been
tremendous, with a large number of representative complexes being isolated and characterized. This
review highlights the astonishing development of the chemistry of complexes containing triple bonds
between transition metals and the heavier elements of groups 14 and 15 since its birth. The synthesis and
the structural and spectroscopic features of these compounds are comprehensively discussed. Furthermore,
the elucidation of their bonding modes by quantum-chemical methods as well as the relation between
the reactivities of these complexes and their electronic structures are presented.
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Complexes containing triple bonds between transition metals ¢ I\|/||L,,, | N
and either group 14 or group 15 elements form two extremely OC"',,,,,/|||\\\\\\\-‘CO 7\ N—FR ||
fascinating compound classes encountered in organometallic C/T\CO R_T N—R XMy
chemistry research. These compounds are intriguing not only X R | X X
due to their undeniably exotic nature derived from their unusual R'
bonding characteristics but also due to the interesting electronic - 3 - 4

and photophysical properties that they exhibit and the broad

palette of chemical processes, both catalytic and stoichiometric, Figure 1. Representations of the structures of FRRI(CO)aX]
in which they participaté:4 (R = Me, Ph; M= Cr, Mo, W; X = Cl, Br, | (1)), [C=Mo{N(R)-

) . . R'}3]~ (R = C(CDs);Me; R = 3,5-M&CgH3 (3)), and [N=MX 4]~
The first examples of compounds containing a transition metal (,\j 3]: l\(/lo W (ReD3)§u Os: ¥=F C? Bsr 3]((4))))_ [ g

triply bonded to a group 14 element were reported by Fischer
and co-workers in 1973 as a series of transition metatbyne of complexes containing ®C triple bonds (M= transition
or —alkylidyne complexes of the general formula [RC metal) has matured into a thriving area of researéme of the
M(CO)4X] (R = methyl (CH; or Me), phenyl (GHs or Ph); M most recent highlights in the area, reported by Cummins and
= Cr, Mo, W; X = Cl, Br, I) (1; Figure 1)° Two years later, co-workers in 1997, was the isolation of the first carbide
Fischer and his co-workers also reported the synthesis andcomplex anion, [&EEMo{N(R)R}3]~ (R = 2-methylhexadeu-
characterization of the first carbyne complex cation, [MeC  teriopropyl (C(CQ).Me); R = 3,5-dimethylphenyl (3,5-
Cr(COxPMes] ™ (2),6 and since then, the study of the chemistry Me,C¢H3)) (3; Figure 1), which is the first compound featuring
a one-coordinate carbon atom bonded to a metal céfteven
*To whom correspondence should be addressed. E-mail: more recently, neutral carbide complexes demonstrating remark-
maTnffed;SCheef@Chemie-uni-fegensburg-de- _ _ , able catalytic activity have been reporfed.
Dedicated to Prof. John F. Nixon on the occasion of his 70th birthday. A study of the history of compounds containing transition

(1) (2) Mindiola, D. JAcc. Chem. Re2006 39, 813-821. (b) Schrock, . ..
R. R.Chem. Commur2005 2773-2777. (c) Da Re, R. E.; Hopkins, M.  Metals triply bonded to group 15 elements reveals that transition

D. Coord. Chem. Re 2005 249, 1396-1409. (d) Herndon, J. \\Coord. metak-nitride complexes, for example, of the typesHVMX 4]~
Chem. Re. 2003 243 3—81. (e) Schrock, R. RChem. Re. 2002 102, — P - Ei
145-179. (f) Schrock, R. RDalton Trans.2001, 2541-2550. (M = Mo, W, Re, Ru, Os; X= F, Cl, Br, I) (4 Figure 1), are
(2) (a) Johnson, B. P.. Bala, G.; Scheer, MCoord. Chem. Re 2006 also an established class of compounds and have been known
250, 1178-1195. (b) Weidenbruch, MAngew. Chem., Int. E003 42,
2222-2224; Angew. Chem2003 115 2322-2324. (c) Jutzi, PAngew. (7) Peters, J. C.; Odom, A. L.; Cummins, C.Chem. CommuriL997,
Chem.200Q 112 3953-3957; Angew. Chem., Int. E®00Q 39, 3797 1995-1996.
3800. (d) Cundari, T. RChem. Re. 2000 100, 807—818. (8) Cummins, C. CChem. Commurl998 1777-1786.
(3) Johnson, B. P.; Bata, G.; Scheer, MTop. Curr. Chem2004 232, (9) (@) Hejl, A.; Trnka, T. M.; Day, M. W.; Grubbs, R. HChem.
1-23. Commun2002 2524-2525. (b) Carlson, R. G.; Gile, M. A.; Heppert, J.
(4) Dehnicke, K.Chem. Soc. Re 2001, 30, 125-135. A.; Mason, M. H.; Powell, D. R.; Velde, D. V.; Vilain, J. Ml. Am. Chem.

(5) Fischer, E. O.; Kreis, G.; Kreiter, C. G.; Mueller, J.; Huttner, G.; So0c.2002 124, 1580-1581. (c) Romero, P. E.; Piers, W. E.; McDonald,
Lorenz, H.Angew. Cheml973 85, 618-620; Angew. Chem., Int. Ed. Engl. R. Angew. Chem2004 116, 6287-6291; Angew. Chem., Int. EQ2004

1973 12, 564—565. 43,6161-6165. (d) Caskey, S. R.; Stewart, M. H.; Kivela, J. E.; Sootsman,
(6) Fischer, E. O.; Richter, KAngew. Chenil975 87, 359-360; Angew. J. R.; Johnson, M. J. A.; Kampf, J. \l..Am. Chem. So2005 127, 16750~
Chem., Int. Ed. Engl1975 14, 345-346. 16751.
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co-workerst011 MesSi SiMes
137.44°

Despite the breathtaking rate at which the chemistry of PR
complexes containing BC and M=N triple bonds (M= gi—Si==8i—"

transition metal) has developed, and still continues to flourish,

even longer than the carbyne complexes of Fischer and Messi\(SiMes

it was not until the mid-1990s that the existence of analogous . ‘Me;Si SiMes
compounds of the heavier group 14 and 15 elements could be Me;Si SiMes
unambiguously confirmed: the groups of Sch&éééSchrock!* 5a

and Cummin® reported independently the first examples of
transition metatphosphide complexes in 1995, while the first
transition metatgermylyne complex was reported by Power . P,
in 199616 These groundbreaking discoveries signaled that the 125.24° (€ = Sn
“taming” of the heavier homologues of carbon and nitrogen was T
no longer a seemingly unattainable goal, and the astonishing
progress that has been made in this field is reviewed herein.

)

E=—E

Triple Bonds between Transition Metals and the
Heavier Elements of Group 14 5b: E = Ge 5d
5¢c: E=Sn

Compounds containing multiple bonds involving carbon, such Figure 2. Representations of the structures of the alkyne analogues
as alkenes, alkynes, nitriles, and carbonyl compounds, are5a—d
abundant and display remarkably diverse structures and reactiv-
ity patterns. In fact, the chemistry of carbon owes much of its bent geometry as well, but the-®b—Pb angle is nearly a right
richness to the propensity of the element to readily form homo- angle (94.26) and the Pb-Pb bond length is longer than that
and heteronuclear multiple bonds. In contrast, the heavier groupof the Pb-Pb single bond in hexaphenyldiplumbaiielhus,
14 elements show an impeded tendency to engage in multiplecompoundsd, which is formally a diplumbyne, should rather
bonding!” be viewed as a diplumbylene with a £Bb single bond and a

The reluctance of the heavier group 14 elements to form lone pair of electrons at each lead atom.
homonuclear multiple bonds is beautifully illustrated by the ~ The brief discussion of the alkyne analogbes-d underlines
structural features of the alkyne analogueRER = bis[bis- the difficulty of forcing the heavier group 14 elements into
(trimethylsilyl)methyl](2-propyl)silyl (Si(CH(SiMg)2)(CMezH)), multiple bonding and thus serves to emphasize the challenges
E = Si (58);'° R = 2,6-bis(2-propyl)pheny! (2,6-(CMEl)2CeHs), faced by synthetic chemists whose aim was the preparation of
E = Ge (6b),1°Sn 60);2°R = 2,4,6-tris(2-propyl)phenyl (2,4,6- complexes containing BE triple bonds (M= transition metal;
(CMe;H)sCsH), E = Pb (d))2! (Figure 2). In the silicon, E = Si, Ge, Sn, Pb). The results of their commendable efforts
germanium, and tin derivativesa—c the bulky substituents in this direction are presented below in the order of increasing

assume a trans geometry: the-Si—Si angle inSais 137.44, atomic number.
and the G-E—E angles in5bc are 128.7 and 125.24 Silicon. To date, only one transition metasgilicon complex
respectively. Furthermore, the-E bond lengths irba—c are exhibiting appreciable silylyne character exists, which was

noticeably shorter than those in compounds containingeE  reported by Tilley and Mork in 2008 With the neutral silylene
single bonds. These structural parameters, in conjunction with [Cp*(dmpe)(H)Mo = Si(Cl)Mes] 6: Cp* = pentamethylicy-
quantum-chemical calculatioA%22suggest that multiple bond- ~ clopentadienyl (€Mes); dmpe= 1,2-bis(dimethylphosphino)-
ing is present irba—c. The lead derivativéd displays a trans- ~ ethane (1,2-(Mg),C;Ha4); Mes = mesityl or 2,4,6-trimeth-
ylphenyl (2,4,6-MgCsH>)) as the starting material, the complex
(10) (a) Dehnicke, K.; Stide, J.Angew. Cheml1992 104, 978-1000; [Cp*(dmpe)(H)MoSiMes][B(GFs)a] (7[B(CsFs)s]) could be
ﬁngeW- gngmi'ggg'glzsd'ssn%?% 361\,,\,95():?1;928-' rglg)giergy;éa\/vz-sA- generated by a simple anion exchange reaction (eq 1) and
56-76, (o) Dehnicke, K. Stide, J.Angew Chemi981, 93 451464 isolated as amber crystals.
Angew. Chem., Int. Ed. Engl981, 20, 413-426.

(11) (a) Griffith, W. P.Coord. Chem. Re 1972 8, 369-396. (b) : . CeHsF
Fergusson, J. ECoord. Chem. Re 1966 1, 459-503. [Cp*(dmpe)(H)Mo=Si(Cl)Mes]+ LiB(C¢Fs),
(12) Scheer, M.; Schuster, K.; Budzichowski, T. A.; Chisholm, M. H.; 6
Streib, W. E.J. Chem. Soc., Chem. Comma®95 1671-1672. [Cp*(dmpe)(H)MoSiMes][B(GFs),] + LiCl (1)
(13) Scheer, MAngew. Chem1995 107, 2151-2153;Angew. Chem.,
Int. Ed. Engl.1995 34, 1997-1999. 7[B(CgFs)4l
(14) Zanetti, N. C.; Schrock, R. R.; Davis, W. Mngew. Cheml1995
107, 2184-2186;Angew. Chem., Int. Ed. Engl995 34, 2044-2046. Cp* = C;Me;; dmpe= 1,2-(Me,P),C,H,;
(15) Laplaza, C. E.; Davis, W. M.; Cummins, C. &ngew. Chenl995 _ _
107, 2181-2183; Angew. Chem., Int. Ed. Engl995 34, 2042-2044. Mes= 2,4,6-MgC¢H,
(16) Simons, R. S.; Power, P. 2.Am. Chem. S0d.996 118 11966~
112(9577)-P b PChem. Re. 1999 99, 3463-3504 In accordance with one’s expectations of a complex with
ower, F. em. Rre. A . H H 9Qif 1
(18) Sekiguchi, A.; Kinjo, R.; Ichinohe, MScience2004 305, 1755 silylyne character (structurga) (Figure 3), the?*Si{ *H} NMR
1757. spectrum of the complex cation displays a resonance at
(19) Stender, M.; Phillips, A. D.; Wright, R. J.; Power, P./Ahgew. 289 ppm, which is shifted significantly downfield with respect
§:7h§7m.2002 114, 1863-1865; Angew. Chem., Int. E®00Z 41, 1785~ to that of 6 (0 182 ppm). Furthermore, the coupling constant
(20) Phillips, A. D.; Wright, R. J.; Olmstead, M. M.; Power, P. P. between the Si atom and the hydride moiety is very snighh (
Am. Chem. So002 124, 5930-5931.
(21) Pu, L.; Twamley, B.; Power, P. B. Am. Chem. SoQ00Q 122, (23) Preut, H.; Huber, FZ. Anorg. Allg. Chem1976 419 92—96.
3524-3525. (24) Mork, B. V.; Tilley, T. D. Angew. Chem2003 115 371-374;

(22) Takagi, N.; Nagase, ®rganometallic2001, 20, 5498-5500. Angew. Chem., Int. EQ003 42, 357-360.
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Figure 3. Possible structures for the complex cation [Cp*(dmpe)(H)MoSiM&g]).
Table 1. Germylyne Complexes of the Formula A remarkably simple salt elimination reaction between Na-
[RGe=MCp(CO),] Isolated by Power and Co-workers and [CpMo(CO)] (Cp = cyclopentadienyl (€Hs) (10)) and RGeCl
Selected Structural Parameters Thereof (R = 2,6-bis(2,4,6-trimethylphenyl)phenyl (2,6-(2,4,6-Me
M-Ge M-Ge-C CeH2)2CeHs) (113)), performed under relatively mild conditions
complex M R A (deg) in tetrahydrofuran (THF), led to the isolation of the germylyne
12a Mo 2,6-(2,4,6-MgCsH2),CeHs 2.271(1) 172.2(2) complex [RGeeMoCp(CO}] (128 as thermally stable red
12b W 2,6-(2,4,6-MeCsH2):CeHs 2.277(1)  170.9(3) crystals (eq 3). The stability of this complex was attributed to
ﬁg ﬁro gggjgggmg:gzgznﬂzgﬂz g;%gg gi:g(gl(?) the sterically demanding organic substituent on the germanium
126 W 2,6{2.4,6-(CMeH)sCsHz} 2CeHz atom. X-ray crystallographic characterization kifa revealed
that the coordination mode at the germanium atom is essentially
= 15 Hz). X-ray crystallographic characterization7{B(CgFs)s] linear (Mo-Ge-C = 172.2(2)) and that the Me-Ge bond

revealed a very short MeSi bond length (2.219(2) A), which  length is particularly short (2.271(1) A) compared to complexes
not only is appreciably shorter than that®{2.288(2) A) but containing Me-Ge single bonds+2.6 A) 26 The presence of a
also is the shortest bond of its kind to be reported. However, Mo=Ge triple bond in12ais thus implied by these structural
the X-ray structure of the complex catidhsuggests that the  features and is also supported by DFT calculations performed
hydride moiety assumes a bridging position between the on the model compound [GGe=MoCp(CO}] (12) by Fren-
molybdenum and silicon atoms (structufb) (Figure 3) and king and co-workers, which predict a bond order of 3 for the
thus presents a nonclassical—$i interaction. The room-  Mo—Ge bond?” Power and co-workers have, in the meantime,
temperaturétH and 3'P{1H} NMR spectra of7[B(CeFs)4] in been able to isolate several germylyne complexes of the general
solution are indicative of a cation structure which posse€ses formula [RGe&=MCp(CO)] (R = 2,6-bis(2,4,6-trimethyl-
symmetry (structure7c) (Figure 3), whereas at-30 °C an phenyl)phenyl (2,6-(2,4,6-M€gH;).CeHa3), 2,6-bis[2,4,6-tris-
asymmetric species fitting to eith@a or 7b is observed. The  (2-propyl)phenyllphenyl (2,§2,4,6-(CMeH)3CsH2} 2CeHs); M
NMR data thus suggest that a species with true silylyne character= Cr, Mo, W (12b—e) (Table 1)
may exist, at least transiently, in solution. Density functional
theory (DFT) calculations are in favor of structufie and thus
support the results of the X-ray diffraction study. O

Preliminary reactivity studies have shown thB(CeFs)4]
reacts with LICHSIMe; to yield the neutral silylene complex THF, 50 °C
[Cp*(dmpe)(H)Mo=Si(CHSiMesMes] @) (eq 2), hence dem-  NaCPMo(CO)] + Q GeCl —

onstrating the electrophilic nature of the silicon atonvi¢f 10
| s L)
[Cp*(dmpe)(H)MoSiMes][B(GFs),] + LiCH,SiMe;——
7[B(CeFs).]
[Cp*(dmpe)(H)Mo=SK CH,SiMe;} Mes] + LiB(C4Fo), (2) Ha
8

Cp* = C;Me;; dmpe= 1,2-(Me,P),C,H,; O
Mes= 2,4,6-MgCgH,
< +NaCl+CO  (3)

Even weaker nucleophiles, such as pyridine angt@@ridine,
coordinate to the silicon atom ihand most probably result in
the formation of species similar to the previously reported O
complex cations [Cp*(MgP)XRuSI(L)(STolp)]?" (L = 2,2-
bipyridine, phenanthroline; Tg-= p-tolyl (4-MeCsHy) (9)),
which may be regarded formally as base-stabilized transition 12a
metal-silylyne complexes, although the Si atom in each  The group of Filippou chose an entirely different approach
complex is found in a distorted-tetrahedral environniént. to the synthesis of transition metajermylyne compounds. The

Germanium. The first example of a transition metal
germylyne complex, which was also the first compound  (26) (a) Carre, F.; Colomer, E.; Corriu, R. J. P.; Vioux, @tganome-

ini ; i iartallics 1984 3, 970-977. (b) Chan, L. Y. Y.; Dean, W. K.; Graham, W.
containing a triple bond between a transition metal and a heawerA. G. Inorg. Chem 1977 1067-1071.

homologue of carbon, was reported by the group of Pd{ver. (27) Pandey, K. K.; Lein, M.; Frenking, Gl. Am. Chem. So@003
125 1660-1668.
(25) Grumbine, S. D.; Chadha, R. K,; Tilley, T. D. Am. Chem. Soc. (28) Pu, L.; Twamley, B.; Haubrich, S. T.; Olmstead, M. M.; Mork, B.

1992 114 1518-1520. V.; Simons, R. S.; Power, P. B. Am. Chem. SoQ00Q 122, 650—-656.
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complexes [M(dppelN>);] (dppe= 1,2-bis(diphenylphosphi-
no)ethane (1,2-(BRR)%C;H4); M = Mo (133, W (13b)) reacted
with the germylenes [Cp*GeX] (% Cl (144), Br (14b), 1 (140)

to yield the germylyne complexes [Cp*&d(dppe)rX] (15a—

€) as orange-brown to red-brown solids (eq 4), the reactions

[P] ]

N

&
N,—M—N, +

GeX
[P]
K/[P]
M= 14a: X = CI
v 14b: X = Br
[P]= PPh, 14c: X =1

\ Toluene, reflux

15a: M = Mo; X = CI
15b: M = Mo; X = Br
15c: M =W; X =CI
16d: M=W; X =Br
15e: M=W; X =1

16a: M = Mo; X = CI
16b: M = Mo; X = Br
16c: M =W; X =CI
16d: M =W; X =Br
16e: M=W; X =1

being driven by the thermal elimination of,Xrom 13ab.29:30
The compoundsl5a—e are very air-sensitive yet display
astonishing thermal stability, with decomposition temperatures
in excess of 200C. The structures of the compounds were

Organometallics, Vol. 26, No. 13, 208061

Table 2. Germylyne Complexes Isolated by Filippou and
Co-workers and Selected Structural Parameters Thereof

M—-Ge M—-Ge-E
complex (AP (degpe
[Cp*Ge=Mo(dppe}Cl] (153 2.319(1) 172.0(1)
[Cp*Ge=Mo(dppe}Br] (15b) 2.310(2) 171.6(2)
[Cp*Ge=W(dppe}Cl] (150 2.302(1) 172.2(2)
[Cp*Ge=W(dppe)Br] (15d) 2.293(1)  172.4(2)
[Cp*Ge=W(dppe}l] (158 2.306(1) 172.6(2)
[Cp*Ge=W(dppe}H] (17) 2.310(1) 176.8(1)
[Cp*Ge=W(dppe}NCO] (183 2.299(1)  172.0(1)
[Cp*Ge=W(dppe}NCS] (18b)
[Cp*Ge=W(dppe}Ns] (18¢)
[Cp*Ge=W(dppe}CN] (180) 2.318(1)  172.2(1)
[Cp*Ge=W(dppeX(NCMe)][B(CsFs)4] 2.303(1)  174.31(7)
(19[B(CéFs)4])

[RGe=Mo(PMe3)Cl] (228
[RGe=W(PMe3),Cl] (22b) 2.338(1)  177.9(3)
[RGe=W(PMey)4l] (220) 2.321(1)  175.79(7)
[RGe=W(PMe3)sNCS] (24)
[RGe=W(PMe3);H] (25) 2.324(1)  178.9(2)
[Cp*Ge=Mo(depe)Cl] (273
[Cp*Ge=Mo(depe)Br] (27b) 2.280(1) 177.46(8)
[Cp*Ge=W(depe)Cl] (279
[Cp*Ge=W(depe)Br] (27d)
[Cl(depe}Mo=GeGe=Mo(depe)Cl] (283
[Cl(depe}W=GeGe=W(depe)Cl] (28h) 2.309(1) 175.13(3)

aLegend: Cp*= pentamethylcyclopentadienyl {&es); dppe= 1,2-
bis(diphenylphosphino)ethane (1,2-¢PRC:H4); R = 2,6-bis[2,4,6-tris(2-
propyl)phenyl]phenyl (2,62,4,6-(CMeH)3CgHz}2CeH3); depe = 1,2-
bis(diethylphosphino)ethane (1{2€,Hs),P} 2CoHs). ° M = Mo, W. ¢ E =
C, Ge.

NCO (18a), NCS (18b), N3 (180, CN (18d)) could be isolated
and characterized. The synthesis of the first cationic germylyne

determined by X-ray diffraction and possess structural features complex, [Cp*Ge=W (dppe}(NCMe3)][B(CeFs)4] (194B(CsFs)4]),

indicative of the presence of MGe triple bonding: the MGe
bonds are very short, the Cp* substituent is bound irjan
fashion to the germanium atom, and the-Ke—C sequence

was also accomplished.

Still another approach to the preparation of germylyne
complexes has been reported very recently by Filippou and co-

is essentially linear (Table 2). Interestingly, although the workers3? In this synthesis, the electron-rich complexes [Mo-

formation of15a—eis accompanied by the formation of GeGp*
and the dihalo complexes [M(dppX)y] (M = Mo, W; X =

Cl, Br, | (16a—¢)), the reactions yielding the W derivatives
15c—e proceed much more selectively than those yielding the
molybdenum derivative&5ab.

(PM&3)g] (20) and [W(CHPMe)H(PMe;)s] (21), respectively,

were employed in the activation of RGeCl €R2,6-bis[2,4,6-
tris(2-propyl)phenyl]phenyl (2,62,4,6-(CMeH)3CsH2} 2CsH3)

(11b)), thereby yielding the germylyne complexes [R&e
M(PMe3)4Cll (M = Mo (228), W (22b)) (Scheme 2). Depending

Solution NMR spectroscopic measurements on the complexeson the reaction conditions, the tungsten derivag2é may be
15a—e suggest that the Cp* group in each of these complexes either formed directly or formed via the thermolabile hydrido

undergoes a haptotropic shift which is fast on the NMR time
scale?®3°DFT calculations conducted on the model compounds
[CpGe=W(L)4CI] (L = CO, PH (15)) demonstrated that the
structure of lowest energy for these complexes is one in which
the Cp group is bound as am! ligand3® The structures
containing the Cp group as ajf ligand represent transition
states for the haptotropic shift of this group, and the activation
barrier thereof is low. In addition, the increase in the hapticity
of the Cp ligand results in significant bending of the germylyne
ligand at the germanium atom.

Filippou and co-workers have also investigated the reactivity
of the W derivativesl5ce (X = Cl, 1) (Scheme 1) and have
found that the iodide complex is generally much more reactive
than the chloride comple¥ Thus, the hydride-germylyne
complex [Cp*Ge=W(dppe}H] (17) as well as the series of
pseudohale-germylyne complexes [Cp*G&W(dppe)Y] (Y =

(29) Filippou, A. C.; Portius, P.; Philippopoulos, A.Qrganometallics
2002 21, 653-661.

(30) Filippou, A. C.; Philippopoulos, A. I.; Portius, P.; Neumann, D. U.
Angew. Chem200Q 112, 2881-2884; Angew. Chem., Int. E200Q 39,
2778-2781.

(31) Filippou, A. C.; Philippopoulos, A. I.; Portius, P.; Schnakenburg,
G. Organometallic2004 23, 4503-4512.

germylene [R(MePCH,)Ge=W(H)(PMe;)sCl] (23). The com-
plexes22b and23 could be characterized by X-ray crystallog-
raphy, and as expected, the-M@e bond in22b (2.324(1) A)
is markedly shorter than that 88 (2.454(1) A). Moreover, the
W—Ge—C sequence i22b is essentially linear (178.9(2)

Preliminary reactivity studies have shown tt2&tb can be
used to access other germylyne complexes (Schefferus,
the iodo-germylyne complex [RGeW(PMes)4l] (220 may be
obtained by the reaction &2b with Lil, while reaction with
KNCS yielded the isothiocyanat@ermylyne complex [RGe
W(PMe&s)4NCS] (24). The reaction of22b with LiNMe,,
however, led to the unexpected formation of the hydrido
germylyne complex [RGEW(PMes)4H] (25). The intermediate
species in this reaction most probably is a dimethylamido
germylyne complex, which is readily prone {6-hydride
elimination.

Perhaps the most exciting development in the area of
germylyne complexes since their discovery is the isolation of
binuclear complexes containingGeGe=M chains (M= Mo,

(32) Filippou, A. C.; Weidemann, N.; Philippopoulos, A. |.; Schnaken-
burg, G.Angew. Chem2006 118 6133-6137; Angew. Chem., Int. Ed.
2006 45, 5987-5991.
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Scheme 1. Reactions of the Germylyne Complexes 15c,e
[P]/\ [Pm
[Pl | IP]
N KBH, N
Ge=W—X > Ge= H
THF, reflux / |
P P
o &
15c: X =ClI v 17
15e: X = |
[P] = PPh, THF, reflux
LiB(C5F5)4, MeCN
CH2C|2, 20°C P
1 o]
r - N
Ge=W—Y
=]
iy [P [P] [P]
Ge=W—NCMe [B(CeFs)4l K/
[P] 18a: Y = NCO
[P] 18b: Y = NCS
(/ 18c: Y =N
L - 18d: Y =CN
19[B(CgFs)4]

Scheme 2. Synthesis of the Germylyne Complexes 22a,b

[P]
oI
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[ ];[P]
N Toluene
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W).32 Treatment of the dinitrogen complexes [M(deji)).]
(depe= 1,2-bis(diethylphosphino)ethane (X,&>Hs).P} 2CoHy);

M = Mo (268, W (26h)) with [Cp*GeX] (X = CI (144), Br
(14b)) in toluene gave the hategermylyne complexes [Cp*Ge
M(depe}X] (27a—d) (Scheme 4). Thermolysis of the chloro-
germylyne complexes27ac in the solid state yielded
the binuclear germylyne complexes [Cl(depdFGeGe=
M(depe}Cl] (28ab) (Scheme 4). The other products observed
(Cp*H, 1,2,3,4-tetramethylfulvalene, GeCGpuring the ther-
molysis of the molybdenum derivati&7a are indicative of a

(33) Filippou, A. C.; Schnakenburg, G.; Philippopoulos, A. I.; Weide-
mann, N.Angew. Chem2005 117, 6133-6139; Angew. Chem., Int. Ed.
2005 44, 5979-5985.

[P]
P, | .pL
H— W,
o ~ &,
[P]
o1 11b= ¢ H—aecl

11b
Pentane, -20 °C

radical reaction pathway which most likely involves homolytic
Ge—Cp* bond cleavage. TheGe=M(depe)Cl] radicals thus
formed dimerize to the complex@8ab. Complex28b could

be characterized by X-ray crystallography and features an almost
linear W—Ge—Ge—W chain (W-Ge-Ge = 175.13(3)) and

the shortest GeGe single bond (2.362(1) A) known, which is
indicative ofz-conjugation in the \#GeGe=W sequence.

DFT calculations performed on the model compound [CI-
(HsPYWGeW(PH;)4Cl] (28) yielded six minimum structures,
which can be divided into three structural typ28 A—C; Figure
4) that are distinguished by the coordination mode of the Ge
ligand32 In 28A, the Ge unit is coordinated end-on to the
tungsten centersu(yt:nt coordination mode), while i28B,C



Transition Metat-Group 14 and 15 Triple Bonds

Scheme 3. Reactions of the Germylyne Complex 22b

p
[P] 3G
Ge—W cl Q Ge—W—I
[P] [P]
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gewms

[P1=
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EL,0, RT
KNCS
LiNMe,
THF, RT

{9
e
Q GeElV|\7—H
O [P] Pl
25

side-on coordination of this unit is exhibited,§?#,? coordina-
tion mode). The difference betwe@8B and28C is that, in
the former structural type, the M@e, moiety is planar, whereas
in the latter type, this moiety is folded along the -@8e axis
(butterfly structure). Furthermore, two conformational isomers
are possible for each of the three structural ty2@8—C: that

is, one conformer in which the [W(PHCI] fragments are

PMe;

Organometallics, Vol. 26, No. 13, 208063

GeGe=W sequence, which is consistent with the noticeably
short Ge-Ge single bond ir28b.

Tin. Filippou’s “dinitrogen elimination method® was suc-
cessful not only in the preparation of several germylyne
complexes but also in the synthesis of the first stannylyne
complex3* The compound [W(PMg4(N>)2] (29) reacted with
[RSNCIL (R = 2,6-bis(2,4,6-trimethylphenyl)phenyl (2,6-(2,4,6-
MesCsH>).CgH3) (30)) to yield the extremely air-sensitive
stannylyne complex [RSAW(PMe;)4Cl] (31) (eq 5). Crystals

[P]

| \\'Nz /CI\ Toluene
[P[IID]_(V|V_Nz + O Sn\cfsn O reflx

[P]
» W 4§
[P] = PMe,

30
(Pl

| [P
Sh=W—Cl +N, (5)
¢

(P]

O L

31

of 31 were characterized by X-ray crystallography, and it was
found that the unit cell of the compound contains two
independent molecules &1. Furthermore, the coordination
mode of the tin atom is essentially linear (¥8n—C = 178.2-
(2)° (average of both independent molecules)) and theSN

eclipsed and one in which they are staggered with respect tobond (2.490(1) A (average of both independent molecules)) is

each other. Th@8A-type conformers (end-on coordinated,Ge

at least 0.2 A shorter than those found in complexes containing

ligand) are the most stable compounds, the eclipsed conformefW=Sn double bonds. As expected, the soluti88n{H} NMR
being marginally more stable than the staggered conformer, andspectrum of31 displays a quintetd 340.1 ppm,2Js,p = 134

are at least 9 kJ mol more stable than the8B-type
conformers (side-on coordinated Gkgand, planar WGe
moiety) and at least 64 kJ mdl more stable than th28C-
type conformers (side-on coordinated,Gigand, folded -
Ge, moiety). The results of the calculations on B&A-type
eclipsed conformer also suggestconjugation in the A&

Hz), which is shifted upfield with respect to the signal of the
starting materiaB0 and other stannylenes.

Filippou and co-workers were also able to prepare the
stannylyne complex [RSaW(dppe)Cl] (R = 2,6-bis(2,4,6-
trimethylphenyl)phenyl (2,6-(2,4,6-M€sH>).CsHs) (32)), which
they then used to generate the cationic stannylyne complex

Scheme 4. Synthesis of the Germylyne Complexes 28a,b
P P/\
[P] Pl [P] Pl
3 Toluene, \\o’
+ GeX Ge=M—X
reflux
P P
Q/IP] &[P}
26a: M = Mo 14a: X =Cl
26b- M =W 14b: X = Br Solid state 27a: M = Mo; X = CI

SR I

Pl Pl
C— M= Ge—Ge=M'—ci

f | [P]

[P]
[P] [P]

K K

28a: M = Mo

28b: M =W

27b: M = Mo; X = Br
A 27¢:M=W; X =Cl
27d: M =W; X = Br

[P]=P(CoHs),
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Figure 4. Representations of the three structural ty@&A—C) to which the six minimum structures calculated by DFT methods for the
model compound [CI(EP),WGeW(PH;)4Cl] (28) belong.

Scheme 5. Synthesis of the Stannylyne Complexes 32, 33fRnd 34[PF]

[P] 1 [P] [Pl
/ \ Toluene
\ / reﬂux Sn—W Cl
[p] [P] Cl
o 4
13b

[P]= PPh,

TIPF,

THF, 20 °C

DI ) &

| [P . | [P

{ H—sn=w—ncep; |PFel =———— | { H—sn=w [PFq]

il =M
9lds 9lds
34[PFg] 33[PFe]

[RSr=W(dppe)][PFe] (33[PFs]) (Scheme 5§° The preparation Filippou and co-workers to apply the same strategy in the
of 32 was accompanied by the formation of elemental tin, RH, synthesis of the first plumbylyne complex&s’ The dinitrogen
and [W(dppe)Cl,] (160, and the reaction is thus not as selective complexes [M(PMg4(N2)2] (M = Mo (35), W (29)) reacted
as that leading to the formation 81.34 X-ray crystallographic with [RPbX], (R = 2,6-bis[2,4,6-tris(2-propyl)phenyl]phenyl
characterization 082 revealed an almost linearly coordinated (2,6{2,4,6-(CMeH)sCgH}2CeH3); X = Br (363), | (36h)) to
tin atom (W-Sn—C = 175.88(8}) and a short WSn bond yield the plumbylyne complexes [REIM(PMe3)4X] (37a—cC)
(2.504(1) A). DFT calculations on the model complex [M&Sn  (Scheme 6). The crystal structures3¥a—c are indicative of
W(PHs)4Cl] (32) predict a Ce-symmetric structure as the the presence of a M&Pb triple bond in each complex, since
structure of minimum energy, in which the tin atom exhibits a the coordination geometry at the lead atoms is practically linear
linear coordination geomet®?. The W—Sn bond comprises one  and the Me-Pb bonds are particularly short (Table 3). The
o bond, polarized toward the tin atom, and two virtually bromide ligand ir87bcan be easily abstracted using LiBFg)4
degenerater bonds, polarized toward the tungsten atom. or NaB{CgH3(CFs)2}s, and thus the cationic plumbylyne
The 16-electron square-pyramidal cationic stannylyne com- complexes [RPEW(PMe;)s][B(CsFs)s] (38B(CsFs)4]) and
plex33[PFg] could be readily prepared as an air-sensitive green [RPI=EW(PMes)4(NCPh)][B{ CeH3(CFs)2} 4] (39B{ CeH3(CFs)2} 4])

solid via chloride abstraction fro32 using TIPF (Scheme 5). could be readily prepared (Scheme 6). The crystal structures of
Dissolution of 33[PFs] in CDsCN vyielded the 18-electron  the compounds demonstrate that the coordination geometry at
cationic trideuterioacetonitrilatestannylyne complex [RSa the lead atoms in the catiod8 and39is essentially linear and
W(dppeX(NCCDs)][PFe] (34[PFs]). The structure ofB3[PF¢], that the W-Pb bonds are short (Table 3). These structural

determined by X-ray crystallography, demonstrates that the parameters are therefore consistent with the presence=ef W
cations in the compound are well separated from the anionsPb triple bonds ir88 and 39.
and that the tungsten atom is in a square-pyramidal coordination Theoretical studies on the model compound [PEND-
environment. The tin atom displays nearly linear coordination (PMe;)4Br] (37), conducted by DFT methods, predicted a
(W—=Sn—C = 178.77(9)), and the W-Sn bond length (2.464-  minimum structure ofC,, symmetry in which the lead atom
(1) A) is the shortest reported so far. exhibits linear coordination and the M®b bond is shori®
Lead. The facile preparation of germylyne and stannylyne Furthermore, the MePb bond in37 consists of oner bond
complexes via the “dinitrogen elimination methé¥ncouraged

(36) Filippou, A. C.; Rohde, H.; Schnakenburg,Agew. Chen004

(34) Filippou, A. C.; Portius, P.; Philippopoulos, A. I.; Rohde Ahgew. 116, 2293-2297; Angew. Chem., Int. EQR004 43, 2243-2247.
Chem.2003 115 461-464; Angew. Chem., Int. EQR003 42, 445-447. (37) Filippou, A. C.; Weidemann, N.; Schnakenburg, G.; Rohde, H.;
(35) Filippou, A. C.; Philippopoulos, A. I.; Schnakenburg, @rgano- Philippopoulos, A. IAngew. ChenR004 116, 6674-6678;Angew. Chem.,

metallics2003 22, 3339-3341. Int. Ed. 2004 43, 6512-6516.
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Scheme 6. Synthesis of the Plumbylyne Complexes 37a and Reactivity of 37b

[P] O O O [P] [P]
N

Nz X
S Toluene N
IR E S e S ® SO

PI [P]I |
P 50 S P
29: M =W
35: M =Mo
36a: X =Br 37a: M = Mo; X =Br
36b: X =1 37b: M =W; X =Br
37c:M=W; X=1
LiB(CgFs)4
Na[B{C¢H3(CF3)2}4]
O [P] IP] PhCN

(O~LPo=W—[P] |[B(CoFs)

Q [P1 [P

& (P1 (P

¢ PH=WW —NCPh [[B{CaHs(CFs)]

@ [P'(P]

[P] = PMe, - -

38[B(CeFs)al

39[B{CsH3(CF3)2}4]

Table 3. Stannylyne and Plumbylyne Complexes Isolated by
Filippou and Co-workers and Selected Structural
Parameters Thereof

M—Pb  M—Pb-C

and twosr bonds, thes bond being polarized toward the lead
atom and ther bonds being polarized toward the molybdenum
atom.

The structure of the catiod8was optimized using quantum-

hemical methods and the calculatee-Rb bond length (2.609 complex Ry (deg}
chemical methods and the calculate ond leng .

; ; RS=W(PMey)4Cl] (31 2.490(1y 178.2(1
A) and W—Pb—C angle (1_74.9 are in good agreement with {Rsiwgdppael]]((sz)) 2.5048 175.8(8¥8)
the experimentally determined values (Tablé"3Jhe calcula- [RSr=W(dppe}][PFs] (33[PFe]) 2.464(1)  178.77(9)
tions also support the presence of &Rb triple bond in38 [RSr=W/(dppel(NCCDs)][PFe] (34[PFs])
and predict that the Gibbs free energy of dissociatio8&fo [RP?:MO(PMQSMBV] (379 %-55(6)(1) 177-8(3)
the fragments [W(PMgs]~ and [PbRY is only 149.7 kJ moil. %Eiﬁmgmgﬁ%%m 2:22883 g;?(g (23)
Thus,38 may be a potential [PbR]transfer agent. [RPI=W(PMe)s][B(CeFs)4] (38B(CoFs)a])  2.574(1)  177.5(1)

[RPE=W(PMe3)4(NCPh)][B{ CeH3(CFs)2}4]  2.552(1) 171.7(1)
Triple Bonds between Transition Metals and the (39B{ CeH3(Cs)2} 4])
Heavier Elements of GI’OUp 15 a|n the tin complexes, R= 2,6-bis(2,4,6-trimethylphenyl)phenyl (2,6-

(2,4,6-MgCsH2)2CsH3), while in the lead complexes, R 2,6-bis[2,4,6-

Complexes containing transition metals triply bonded to gﬁs(g_-pgopyll)pr?enyrl]]phenyrll(2,62i42,6-|(30l\éeﬁ)stel\l-/ilz};zC’\;Hs)\;vdelf= 1,2-
nittogen have been known for a long time. Representative "S(IPheBrossinojeione (1. 20hCat ' o b, "average
examples of such nitrido complexes are compounds of the type
[NMCl4]~ (M = Mo, W, Re, Ru, Os};1%in which a very short different strategies have been applied: (a) blocking the lone
metal-nitrogen distance occurs together with a high nucleo- pair at the pnicogen atom through coordination to a Lewis acidic
philicity toward Lewis acids. The breakthrough in the realization transition metal moiety, as shown in complexes of type
of corresponding stable complexes of the heavier homologues(Figure 5), and (b) introducing bulky organic substituents into
occurred only in 1995. The reason for this late development the ligands on the transition metal, as shown in type
lies in the high reactivity of the B¥E (E= P, As, Sb, Bi) triple compounds (Figure 5). The kinetic stabilization of the metal
bonds, which present a high “side-on” as well as “end-on” element triple bond is a common feature of these two ap-
reactivity. Thus, before 1995, highly reactive intermediates proaches, but the reactivity patterns of the resulting compounds
containing a metatelement triple bond were the subject of differ. In type A complexes, the side-on reactivity is enhanced
much speculatiof? by blocking the end-on reactivity, whereas in typeomplexes

In order to synthesize stable transition metal complexes of the end-on reactivity is maintained exclusively. In complexes
the heavier group 15 elements containing triple bonds, two of type B the protection of the triple bond is realized through
bulky organic substituents attached to the amido nitrogen atoms
(38) Scheer, MCoord. Chem. Re 1997, 163 271—286. of the ligand bound to the transition metal. In contrast, the
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Figure 5. Representations of the structural types of complexes containing multiple bonds between transition metals and group 15 elements

(E = P, As, Sb; R= organic group; Ph= 3,5-MeCeHa).

alkoxy ligands in typeA complexes protect the triple bond in
the solid state but are flexible in solution, thus promoting a side-
on reactivity.

The high reactivity of such systems was a significant problem
that the Scheer group was faced with while attempting to
synthesize the typ& complexes [(-BuOxW=P—M(CO)] (t-

Bu = CMes; M = Cr, Mo), which were first reported in 1995.
The presence of the triple-bond compounds in solution was

phosphinidene and arsinidene complexes of Ya&igure 6),
which formally contain triple bonds, have recently been
reviewed-*3 and will not be considered here. The double-bond
species of typeE (Figure 6) do not belong to the class of
compounds reviewed herein and will also be excluded.
Phosphorus.The spectroscopic evidence for the side-on as
well as end-on reactive triple-bond compounaB(O):W=P]
(45), which is stable at low temperatures, was obtained by

confirmed by spectroscopic methods and could later on be Scheer and co-workers in 19990n the basis of the earlier

corroborated by X-ray crystallographic characterizafibfihe

speculations of Becker and co-workétsylesG=P, instead of

groups of Schrock and Cummins chose the approach leadingt-BuC=P, was used in the metathesis reaction with(@¢-

to typeB complexes and, a few months after the report of the

Bu)s] and monitored at low temperatures B NMR spec-

Scheer group, reported the synthesis of the terminal phosphidotroscopy. The formation of f{BuO);W=P], which is evidenced

complexes [(NN)W=P] (NsN = N(CH,CH,NSiMes)3)'4 and
[(t-BU'PH")3M0o=P] (t-Bu = C(CDs),CHs, PH' = 3,5-MeCeH3)®
of typesB andB' (Figure 5), respectively. These structurally
characterized complexes reveal exclusively end-on reactivity.
In order to expand the palette of complexes with a highly
side-on reactive metalelement triple bond, the Scheer group
developed a synthetic approach to intermediates of @pe
(Figure 5)%° By inducing the migration of the-bound Cp*

substituent at the phosphinidene phosphorus atom in [Cp*P-

{W(CO)} ], thermally*® or photochemically! the intermediate
[Cp*(CO)W=P—W(CO)] (40), containing an;>-coordinated
Cp* ligand, was formed with loss of CO. In the absence of a
trapping reagent40 dimerized to the tetrahedrane complex
[Cp*2ACOUW(, 7?3 -P){ W(CO)}] (41) (Scheme 7), while

in the presence of trapping reagents formaH{22] cycload-
ditions were observed. Thus, reactiontduC=P with 40 in

the presence of CO gave the diphosphacyclobutenonyl ligand

complex 42,0 whereas reactions of alkynes wittd yielded
novel cage compound#4d 44) containing stabilized four-
membered rings (Scheme #?).

The focus of this section of the overview is on the synthesis,
bonding, and reactivity patterns of stable pnicogenido com-
plexes. The only previously speculated triple-bond-containing
intermediate® included are those whose existence is supported
by spectroscopic evidence. Furthermore, linearly coordinating

(39) Scheer, M.; Kramkowski, P.; Schuster, ®rganometallics1999
18, 2874-2883.

(40) Scheer, M.; Leiner, E.; Kramkowski, P.; Schiffer, M.; Baum, G.
Chem. Eur. J1998 4, 1917-1923.

(41) Schiffer, M.; Leiner, E.; Scheer, MEur. J. Inorg. Chem2001,
1661-1663.

(42) Schiffer, M.; Scheer, MChem. Eur. J2001, 7, 1855-1861.

by the strongly downfield shiftedP NMR resonance at 845
ppm, combined with a smallyp coupling constant of 176 Hz,

is apparent even at60 °C. At —20 °C, the four-membered-
ring products46 and 47 could be detected. These are formed
by a cyclization reaction of the triply bound metathesis products
with MesG=P and subsequent 1,3-OR migration from the
tungsten atom to the phosphorus atom. The latter complexes
are the only isolable products at ambient temperature (Scheme
8).

These spectroscopic observations paved the way to the side-
product-free synthesis and isolation of the triply bonded
complexes [-BuOxW=P—ML,] (ML, = M(CO)s (M = Cr
(483), W (48h)) and Cp'Mn(CO), (Cp" = t-BupCsH3 (480))3°
by the metathesis reaction oft8uQ);W=W(Ot-Bu);] with
MesC=P in the presence of [M(C@)THF)] (M = Cr, Mo) or
[Cp"Mn(CO)(THF)] (eq 6). The key step was the long reaction

(t-BuO);W =W(Ot-Bu)s (t-BuO);W=CR

+ _— + (6)
t-BuO
RC=P /ML, W=P—ML,
n t-Buo’/ "
t-BuO
48a: ML, = Cr(CO)s
R = Ad, Mes 48b: ML, = W(CO)s

48c: ML,, = Cp"Mn(CO),

time at low temperatures (betweem0 to —20 °C), which
ensured that all Mes€P was used for the metathesis and that
no subsequent reaction could occur to form the four-membered-
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Scheme 7. Subsequent Reactions of Complexes of Type C

W(CO)s

W(CO)s

-3CO

[2+2]

\ I
W=P—>W(CO)s | cycloaddition

oC co
C (40)

(OC)SW\
P\—P
————— Cp*\vv//\ €O
- W(CO)s s ~
oc” |\ / “cp*
CO OcC P
41
C * \\CO
p \WACO
tBuC=P / l,\
+CO SN
¥ > tBu
(CO)}sW i
o 42
/Ph
PhC=CPh \/
— OC\W/CO
AN
AN
OC\W/C" ~~C—Ph
Cp /\P\:
oC
W(CO)s
43
Cp* cO /Me
N/ __¢C
t-BuC=CMe W //
C k-
W _CO t-Bu
/\/\W
(OC)W=P—c7 \ Nco
K €O
(|3 Me
t-Bu
44

Scheme 8. Generation of 45 and Its Subsequent Reactions

Mes
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t-BuO);W=W(Ot-Bu t-Bu0);W=—=CMes ——— > (t-BuO),W POt-Bu
( )3 ( )3 ( )3 a. . (tBuO) \\C %
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ring derivativest6 and47. The use of the bulkier phosphaalkyne nantly to the formation of the four-membered-ring derivatives.

MesCG=P was necessary, since the usé-BLUC=P or AdG=P

Thus, in addition to the correct temperature regime, the steric

(Ad = l-adamantyl) in this metathesis reaction led predomi- demand of the starting materials must be taken into account.

| R
/

p ’p

il I

ML, ML

D E

For instance, it-BUuC=P is the phosphaalkyne of choice in these
three-component reactions, the bulkiness of the triply bonded

(43) Cowley, A. H.Acc. Chem. Red997, 30, 445-451.

(44) (a) Binger, P.Multiple Bonds and Low Coordination in Phosphorus
Chemistry G. Thieme Verlag: Stuttgart, Germany, 1990. (b) Becker, G.;
Becker, W.; Knebl, R.; Schmidt, H.; Hildenbrand, U.; Westerhausen, M.
Phosphorus Sulfur Relat. Elert987, 30, 349. (c) Becker, G.; Becker, W.;

Figure 6. Representations of the structural types of phosphinidene knebl, R.; Schmidt, H.; Weber, U.; Westerhausen,Néva Acta Leopold.

complexes.

1985 59, 55.
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Table 4. Selected Structural and Spectroscopic Parameters of Complexes of Type A
complex d(M—P) (A) OCP) (ppm) Lwe (H2) ref
[(t-BuO)XW=P] (45) 845.0 176 39
[(t-BuO)W=P—Cr(CO)] (484 595.4 536 39
[(t-BUOXW=P—W/(CO};| (48h) 2.132(4), 2.476(4) 546.0 554, 163 39
[(t-BuORW=P—MnCp'(COY] (489 614.0 566 47
[(THF)(PHO);W=P—Cr(CO)| (499) 773.4 549 45
[(THF)(PHO);W=P—W/(CO)s] (49b) 2.126(1), 2.432(1) 718.5 562, 170 45
[(Cy'O)sMo=P] (563 2.114(2) 1130 48
[(AdO)sMo=P] (56b) 1124 48

alLegend: Ph= 2,6-MeCgH3; Cy' = 1-methylcyclohexyl; Ad= 1-adamantyl.

tungsten alkoxide dimer must be increased by using the methyl-

substituted aryloxy derivative [(PQ);W=W(OPH)3] (Ph =
2,6-MBZCGH3).

The metathesis reaction of [();W=W/(OPH);] (PH = 2,6-
Me,CgH3) with t-BUC=P in the presence of [M(C@)THF)]
(M = Cr, W) led to [(THF)(PhO);sW=P—M(CO)s] (M = Cr
(4938, W (49h)) in 66% and 53% isolated yields, respectively
(eq 7)#5 The electron-donating properties of the'®Higands

of the lone pair of electrons at the phosphorus atom, which
possess significant s character, induced by coordination of a
Lewis acid.

Complexes of typeA are highly side-on reactive, since the
alkoxy groups are flexible in solution and only in the solid state
do they efficiently protect the ¥P triple bond. Thus, in
toluene48b and49b undergo reductive dimerization reactions
with formal elimination of alkoxy groups to form the phospha-

are not sufficient to compensate the electron deficiency on the metallacycle$0and51, respectively, containing a planar,

(Ph'O);W=W(OPh'); (Ph'O);W=CR
THF
+ —_— + 7)
-78°Cosrt. Ph'O
f— THF -\ —
RC=P /ML, W=P—ML
n PhO™” "
Ph'O
R =t-Bu, Mes

49a: ML, = Cr(CO)s
49b: ML, = W(CO)s

tungsten atom, and therefore, a THF molecule also coordinates

to the tungsten atom. In the solid state, complet@sand49b
contain two different W-P distances; one is shorter and
corresponds to the WP triple bond (2.132(4) A48b); 2.126-
(1) A (49b), and one is longer and corresponds to the
coordinative W~P bond (2.476(4) A48b), 2.432(5) A @9by)).
Theoretical calculations at the BP86 and B3LYP levels of
theory on the model complexes [(RM=E] (R = H, CHz; M
= Mo, W; E = N, P, As, Sh, Bi) and [fBuO);Mo=P] have
shown that the metalpnicogen bond is a genuine triple bond
containing ones bond and two degenerate bonds?® The ¢
bonds are polarized toward the pnicogen atom, whereas the
bonds are only slightly polarized toward the metal atom. The
coordination of the phosphorus lone pair in [(H®)=P] to a
W(CO)s fragment leads to a shortening of the-\W distance
due to rehybridization of the phosphorus lone pair. In contrast,
the coordination of the THF molecule to the tungsten center in
[(THF)(HO);W=P—W(COQ)] leads to the elongation of the %/
P triple bond, since the donation of the oxygen lone pair occurs
in the W=P ¢* molecular orbital of [[HO}W=P—W(CQ)].4°
These bonding features are reflected in the NMR data (Table
4). In the 3P NMR spectrum of [tBuORW=P] (45), the
phosphorus atom resonates at low field and reveals a all
coupling constant, while the compourésand49 show signals
at a much higher field together with a largéywp coupling
constant, which reflects the s character of the bond. The
increased s character of the bond is a result of rehybridization

(45) Kramkowski, P.; Baum, G.; Radius, U.; Kaupp, M.; Scheer, M.
Chem. Eur. J1999 5, 2890-2898.

(46) Pandey, K. K.; Frenking, GEur. J. Inorg. Chem2004 4388~
4395.

(47) Schuster, K. Ph.D. Thesis, University of Karlsruhe, 1995.

(48) Stephens, F. H.; Figueroa, J. S.; Diaconescu, P. L.; Cummins, C.
C.J. Am. Chem. So@003 125 9264-9265.

core (Scheme $24>Further,48b reacted with [(PIO);W=0]

(PH = 2,6-Me&xCgH3) via reductive cycloaddition and formal
PHO elimination to gives2 (Scheme 9), which contains a nearly
planar WPO core. In the reaction d@b with [(PhsP)Pt(GHa)]

an intermediate was postulated in whiet®b is side-on
coordinated to the Pt complex moiety. This intermediate
underwent further rearrangement reactions (1,3-Ph shift) to form
53 (Scheme 9%

The use of bulky amido substituents as protecting groups
around the transition metals allowed the synthesis of stable
phosphido complexes of typg® and B'. By reacting the tris-
(amido)molybdenum(lil) complex {{Bu'PH'N)sMo] (t-Bu’ =
C(CDs)2CHs, PH" = 3,5-MeCgH3) with white phosphorus,
Cummins and co-workers were able to isolate one of the first
stable and structurally characterized phosphido complexes ([(
Bu'Ph’N)sMo=P] (544) in good yield (eq 8}* The starting

t-Bu'Ph"N,,

‘Mo—NPh"tBu' __+ 025 P4

——
£BUPh'N
i
tBuPh'NY MO~NPh tBu ®)
tBu'Ph'N
54a

complex is a high-spin complex with three unpaired electrons
localized on molybdenum, which provides an ideal environment
for reaction with phosphorus. In the complB4a, the bulky
amido substituents stabilize the B® triple bond kinetically

and hinder side-on reactivity. In contrast, the lone pair of
electrons at the phosphorus atom is still accessible and the
phosphido ligand its4acan be transferred via a heterocumulene

|TI
o MO~ oy
t-Bu'Ph N“/ NPh"t-Bu
t-Bu'Ph"N
54a

+ [Mo(NPht-Bu)s]

- [Mo(NPh"t-Bu')s]

f
t-BuPhN“"'IMO\NPht-Bu
t-BuPhN
54b

©)
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Scheme 9. Reactivity of Complexes of Type A
W(CO)s
A

P
r.t., 4d, toluene RO, /. .OR
' RO"W\\//W‘OR

50: R = t-Bu
51: R =Ph'

W(CO)s

O 1]
[(RO)W=0]: 80°C '~ A\ OR

RO);W=P—>W(CO ’ RO\ W _W~or
(RO)3 (CO)s R' = 2.6-Me,CoHs \\P// OR
48b: R = {-Bu :R=Ph'
49b' R = PN ¥ co 52:R=Ph
5
H_H Ph. _w(co)
A / 5
(PhaP),Pt—] p
H H (ROJW—_},
-70°C—>rt. N ~PPh,
P
Ph; 53:R = Ph'

Scheme 10. Synthesis of the Heterocumulene Complexes 55 and Subsequent Formation of the Phosphido Complex 54c

NPH'R
RPh"N\ >NPh"
|
/MO/‘/ _ Ry +0.25P, |
RPh"N / Ny Mo—NPh"R ——> P
RPN b RPh'N ’\J
RPA'N""y O~NPh'R
R = j-Pr RPh"N
Ph" = 3,5-Me,CeHs
55a
Na/Hg
NPh'R
RPh"N.__ L ANPIR
i i, |
Mo - oWt P
RPh"N" { NPh"R - [(RPh"N)sMo(CO)[
RPh'N J
RPh"N““ O~ NPh'R
RPh’ N
54c 55b

intermediate to a second tris(amido)molybdenum compléx, [(  phosphorus, the corresponding phosphido complex [(2-Ad-
BuPhN}Mo], to give the phosphido complext{BuPhN}Mo= PH'N)sMo=P] (54d) was also synthesizéed.

P] (54b) (eq 9)#° Reducing the steric bulk of the amido groups Substitution of the amido ligands Bdcwith alkoxy groups

by substituting the-Bu by i-Pr groups icPr = CMe;H) led to proceeded smoothly if bulky alcohols were used (eq 10). The
the isolation of the heterocumulene intermediat®f{PHN)sMo=

P=Mo(NPH'i-Pr)] (558). Reduction of55awith Na/Hg alloy P

followed by cleavage of the phosphorus bridg&&ib gave the If +3 R'OH h|/!|

phosphido complex [{PrPH'N)sMo=P] (54¢ in good vyield MO . > rowMO—gR (10)
(Scheme 103° It was further shown thaB4c forms the RPQP':"N NPH'R -3 RPhNH RO

heterodinuclear bridging complex [(RP)sNb(u-P)Mo(NPH'i- ) L

Pr)] (R = (CHs)sCCHp) 51 When [(2-AdPHN)sMo] (2-Ad = Sdc: R =i-Pr soa Rz
2-adamantyl, Ph = 3,5-MeCgH3) was reacted with white '

(49) Johnson, M. J. A Lee, P. M.. Odom, A. L: Davis, W. M. reaction of54cwlth 1-methylcyclohexano| (CSDH)_prowded
Cummins, C. CAngew. Chem1997 109, 110-113; Angew. Chem., Int.  the stable terminal phosphido complex [(OysMo=P] (56)
Ed. 1997, 36, 87-91.

(50) Cherry, J. P. F.; Stephens, F. H.; Johnson, M. J. A.; Diaconescu, P.  (51) Figueroa, J. S.; Cummins, C. L Am. Chem. So2003 125 4020~
L.; Cummins, C. Clnorg. Chem.2001, 40, 6860-6862. 4021.
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Scheme 11. Synthesis of PQ-Ligand-Containing Complexes

Q

P a) OQCMGZ u

l\|/!| b) ﬁgMes ”

' " A 0 " '
t-Bu'Ph"N" NPh'tBu "~ t—Bu'Ph"N“"')’Io\NPh"t—Bu'
t-Bu'Ph"N £BUPh"N
54a 59a:Q =0
59b: Q=S
59c: Q = NMes

in 57% isolated yield. The use of slightly less bulky alcohols

led to the dimerization of the M&P units. Alcoholysis ob4c
with 1-adamantanol (AdOH) gave [(Adgo=P] (56b), which
has a half-life {12) of ca. 6 h intoluene at 20C. Dimerization
of 56b to [{ PMo(OAd)} 2] (57) proceeded smoothly and was

complete in approximately 1 day. An incomplete alcoholysis

of 54c and a rapid dimerization of the MeP unit with the
formation of [ PMo(N4-PrPH)(OPH),} ;] (PH = 2,6-MeCgH>)

(58) occurred if 2,6-dimethylphenol was used in the alcoholysis

Bakaet al.

rphN. PR NPh'"R . Nah
/"'-Nlb Nl b\\"NF’h"R 2. (12l
N N\ ~p——
RPh"N \P/P/ \Nph,,R

61

© ®
—I [Na(12-c-4);]
T

. 11
RPh"N™ an

RPh"N
62c

R = CH,C(CH3);

Reactivity studies 062b show that the phosphido phosphorus
atom possesses nucleophilic character and reacts with electro-
philes such as MgECI (E = Si, Sn) and RPCI (R = t-Bu,

Ph) to yield the nonlinear phosphinidene complexes [(RBh
Nb=PEMgj] (E = Si, Sn) and the;2-bonded phosphinophos-

reaction®® These facts show that, by reducing the steric demand phinidene complexes [(RPN)Nb(7*-PPRy)], respectively>* It

of the substituents via alcoholysis of the tyBecomplexes, a

side-on reactivity pattern of these complexes is encouraged.

The end-on reactivity of typ8' complexes can be further
exploited in the formation of novel phosphachalcogenid
ligands. Thush4a could be oxidized with dimethyldioxirane,
elemental sulfur,

has been shown th&2b reacts further with Ge@i(dioxane),
SnCh, and Pb(OTHf) to yield the complexes{[RPH'N)3Nb} »-
(u,p3n3-cyclo-ER)] (E = Ge, Sn, Pb), which contain @3

o n-cyclo-ER three-membered ring coordinated between two

niobium center§® The reaction 062b with pivaloyl chloride

cyclohexene sulfide, ethylene sulfide, or (t-BuC(O)CI) or 1-adamantyl chloride (1-AdC(O)CI) afforded

mesityl azide to the corresponding PQ-ligand-containing com- the metallacyclic compounds [(REM)sNbPC(R)O] (R’ = t-Bu,

plexes [{-Bu'PH'N)sMo(PQ)] (-Bu = C(CD;s),CHs, PH' = 3,5-
Me,CgsHz, Q = O (593),%% S (59b),%15 NMes (90);'> Scheme
11). Characteristic of the complexg8is the linear Me-P—Q
unit with a Mo—P distance slightly shorter than that in the
starting phosphido comple®4a The rehybridization of the
phosphorus atom is responsible for the shortening of the o

bond length upon oxidation. Furthermore, it has been shown

that the phosphorus atom §Pais accessible to nucleophilic
attack. Accordingly,59a reacted with [CpZrMe;] by the
addition of a Zr-Me bond to the PO double bond to form
[(t-Bu'PH'N)sMoP(Me)OZr(Me)Cp] (60). The phosphorus
atom in 60 is essentially planar, thereby indicating MB &
bonding®3

Phosphorus is able to form triple bonds not only with group
6 metals (Mo and W) but also with group 5 metals (Nb and
Ta). Cummins and co-workers reported the reaction of the

niobaziridine-hydride complex [Nb(H{?-t-Bu(H)C=NPH’)-
(NPH'R);] (R = (CHg3)3CCH,) with white phosphorus, which

led quantitatively to the symmetrically bridged diphosphorus

complex [, n%n%-P){ Nb(NPH'R)3},] (61).51 Na/Hg alloy
cleaved the Pbridge in61 to give the dimeric compleX[Na-
(ELO)[(RPH'N)sNb(P)]} 2 (623) in good yield®* On the basis
of 3P NMR investigations, it was thought that in Ti82aforms
the monomeric species [Na(THH{RPH'N)Nb(P)] (62b). The
complete separation of the ion pair to form [Na(12-crowsj-4)
[(RPH'N)Nb=P] (620 was achieved by adding 12-crown-4 to
a THF solution of62a (eq 11). The triple-bond nature of the
Nb=P bond is reflected by thé'P NMR chemical shift ¢
1019.8 62b); 6 1110.2 6209 ppm) as well as by DFT
calculations on the model compound j¥)sNb=P]".

(52) Cherry, J. P. F.; Johnson, A. R.; Baraldo, L. M.; Tsai, Y. C,;
Cummins, C. C.; Kryatov, S. V.; Rybak-Akimova, E. V.; Capps, K. B;
Hoff, C. D.; Haar, C. M.; Nolan, S. B. Am. Chem. So2001, 123 7271~
7286.

(53) Johnson, M. J. A.; Odom, A. L.; Cummins, C.Chem. Commun.
1997 1523-1524.

(54) Figueroa, J. S.; Cummins, C. &ngew. Chenm2004 116, 1002~
1006;Angew. Chem., Int. EQ004 43, 984—988.

Ad), which in solution undergo retro [2 2] fragmentation with

elimination of the corresponding phosphaalkyne and formation
of the oxo complex [(RPHN)sNbO].56 In an analogous manner,
62areacted with the tungsten oxochloride-RrPH N)sW(O)-

Cl], generated from [(PrPH'N)3W=N] and t-BuC(O)CI, and
gave the phosphido complex-RrPH N);W=P] (546 (eq 12)%’

1

5
l i
RPh'NY " =NPh'R RPh'N™ NP ~NphR

RPh"N RPh"N
62a Et,0
+ -35°C-r.t. +
-CI
p

i-PrPh"N\“)W\ NPh"i-Pr
i-PrPh"N
54e

i-PrPh"N—W—ClI
i-PrPh"N" NPh"i-Pr

R = (CH3)3CCH, (12)
The expected heterobimetallic intermediate [(RRRAND(u-P)-
(u-O)W(NPH'-i-Pr)] could not be observed by'P NMR
spectroscopy, even at low temperatures. Although the complex
54eis of relatively low nucleophilic character, it reacted with
an electrophilic phosphenium species, generated frosR®h
and MeSIiOTf (TfO = CRSG;), and gave the (diphenylphos-
phanyl)phosphinidene complex i{PrPH N)sW(52-PPPh)]-
[OTf].57

The activation of white phosphorus and dinitrogen with the
aziridine hydride niobium system was reviewiddRecently,
Cummins and co-workers reported the synthesis of [[RE¥Nb-

(55) Figueroa, J. S.; Cummins, C. 8ngew. Chem2005 117, 4668—
4672; Angew. Chem., Int. EQR005 44, 4592-4596.

(56) Figueroa, J. S.; Cummins, C. @. Am. Chem. So004 126,
13916-13917.
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Scheme 12. Synthesis and Reactivity of the Diphosphorus
Azide Complex 63

S) NMes*
o | o,/
ll Mes*NPCI P=Pe
e N -Cr ’
RPh"N™ NPh"R rph NP~ R
RPh"N RPhN
62¢c 63
+1,3-CHD
NMes*
r\|l| . P<z=P_
RPh"N“‘) b—nNPh'R _
RPh"N

(7%-PPNMes*)] (Mes*= 2,4,64-BusCsH>) (63), which contains

a PN moiety, by reacting2awith Mes*N=PCI. Complex63
acts as a ptransfer agent. Successful fPapping reactions by
suitable organic acceptors were carried Yuévhen 63 was
heated in neat 1,3-cyclohexadiene, the double Bialger
adduct of B with 2 equiv of 1,3-cyclohexadiene was obtained
(Scheme 12).

Schrock and co-workers have used the tris(amido)amine
ligand NsN (N3N = N(CH,CH,NSiMe3)3) to stabilize complexes
containing transition metalphosphorus triple bond4,and the
publication of their results was concomitant with the report of
the synthesis and characterization5#fa When [(NsN)MCI]

(M = Mo (64a), W (64b)) was reacted with 2 equiv of LiP-
(H)Ph (Scheme 13), the phosphido complexessf{JW=P]
(N3N = N(CH,CH;NSiMe3)3; M = Mo (658), W (65h)) of type

B were formed*%0The reaction proceeds via the intermediately
formed phenylphosphanido complex fMP(H)Ph] (M= Mo
(668, W (66b)). Using a 1:1 ratio of the reactants6a was
isolated and structurally characterized wiégb was observed
only in trace amounts. Thermal decomposition66f did not
produce65a while the reaction o66awith LiP(H)Ph or PhLi
afforded65a

Attempts to synthesize [@)Ta=P]~ by reacting [(NN)-
Ta=PPh] with excess lithium in THF led to the formation of
[(NsN)Ta=PLi]. On the basis of the phosphord® NMR
chemical shift § 575 ppm) it was proposed that in solution the
lithium atom is bound to the phosphorus at&hQuenching
[(N3N)Te=PLi] with alkyl and silyl halides gave the corre-
sponding phosphinidene complexes {NTa=PR] (R= Me,
n-Bu, SiMe;, SiMePh).

An alternative route to the synthesis of the phosphido complex
65bwas developed by Scheer and co-work&Ehus,64b was
reacted with 2 equiv of LiP(SiMg at 80 °C to give the
phosphido complex65b. The reaction was monitored BJP
NMR spectroscopy, but the expected intermediatgN(NVP-

(57) Fox, A. R.; Clough, C. R.; Piro, N. A.; Cummins, C. 8ngew.
Chem.2007, 119, 991-994; Angew. Chem., Int. EQ007, 46, 973-976.
(58) Figueroa, J. S.; Cummins, C. Dalton Trans.2006 2161-2168.

(59) Piro, N. A.; Figueroa, J. S.; McKellar, J. T.; Cummins, CSCience
2006 313 1276-1279.

(60) Mosch-Zanetti, N. C.; Schrock, R. R.; Davis, W. M.; Wanninger,
K.; Seidel, S. W.; O’'Donoghue, M. B. Am. Chem. So&997, 119 11037
11048.

(61) Freundlich, J. S.; Schrock, R. R.; Davis, W. M1 Am. Chem. Soc.
1996 118 3643-3655.

(62) Scheer, M.; Mler, J.; Haer, M.Angew. Cheml996 108 2637
2641;Angew. Chem., Int. Ed. Endl996 35, 2492-2496.
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(SiMe3);] was not observed. However, as the amount of LiP-
(SiMe3), decreased, due to reaction widb, and the amount

of P(SiMe&)s increased, the reaction é#b with LiP(SiMes),

was the rate-determining step of the reaction. This reaction
principle was introduced in the synthesis of the heavier
homologues of [(MN)M=E] (E = P, As, Sb, Bi) using the
known LIiE(SiMey), compounds. As described below, this
method has so far been successful in the synthesis of the
corresponding arsenido derivative @6.

In complexes of typ®, the bulky MeSi groups form a cone
in which the M=P triple bond can be accommodated, thereby
hindering its side-on reactivity. However, the lone pair of
electrons on the phosphorus atom is still open to attack.
Accordingly, the phosphido comple&sb reacts with Lewis
acids to give the expected Lewis acid adducts. The reaction of
65b with [M(CO)5(THF)] (M = Cr, W) led to the formation of
[(NsN)W=P—M(CO)s] (M = Cr (6738, W (67h)), which
reacted further with 1 equiv @5bwith CO elimination to give
trans-[{ (NsN)W=P},M(CO),] (M = Cr (683, W (68h))
(Scheme 14§2 As verified by experiment and by theoretical
calculations, the high formation enthalpy of W(G@3 respon-
sible for the CO elimination and formation 68. Complexes
similar t0 68, i.e., trans[{ (NsN)M=P} ,Rh(MeCN)(CO)][PH]

(M = Mo (698), W (69b)), were synthesized by reactirgh
with [Rh(COxR(MeCN),][PFs] generated in situ from [Rh-
(COXCl;] and TIPR.%° In contrast t68, the W—P—Rh—W—P
core in69b is slightly bent, revealing a banana-like geometry.
No structural data were reported f@9a but since the
spectroscopic data are very similar to thosé@, a comparable
structure was predicted. Coordination of a phosphido complex
to a Lewis acidic main group compound was realized in
[(NsN)W=P—GacC}] (70) by reacting65b with GaCk. 70 is
stable in halogen-free solvents but decomposes ipGGH/ia
formal MeSiCl elimination to a complex containing a ¥R
tetrahedral cor& This example shows that if the bulkiness of
the protecting substituents is reduced, a side-on reactivity of
type B complexes can be achieved. A Bknalogue of70,
[(NsN)W=P—BF;], was generated by reactirgpb with BF3-
OEt, but it is unstable and decomposes with the formation of
polymeric products. HoweveP!P NMR spectra of the com-
pound could be recordéd.

Schrock and co-workers have shown ti6&b reacts with
electrophiles such as MeOTTf to give the linear phosphinidene
complex [(NN)W(PMe)][OTf] (71). The synthesis of the
phosphinidene complexes{Bus;SiOxNb—=PR] (R = H, Me)
also was reportetf: Similarly to 54a the phosphido complex
65b is readily oxidized by cyclohexene sulfide to give the
terminal PS complex [(BN)W(PS)] (72) (Scheme 14§>
Characteristic of72 is the linear Nx—W—P—S unit and the
short W=P and P-S distances. The bonding situation 72
was analyzed by DFT calculations and can be best described
as containing W=P and P=S double bond$>

Type B complexes owe their high stability on one hand to
the kinetic stabilization of the E#P triple bond imparted by
the bulky MeSi groups and on the other hand to the ability of
the NsN ligand to place the metal in an electronic situation (the
metal d, and d, orbitals are mostly empty and available for
bonding) that is ideal for the realization of triple bonds with
pnicogens$® The coordination of the axial nitrogen to the metal

(63) Scheer, M.; Mler, J.; Baum, G.; Heer, M.Chem. Commuri.998
1051-1052.

(64) Hirsekorn, K. F.; Veige, A. S.; Wolczanski, P. J. Am. Chem.
Soc.2006 128 2192-2193.

(65) Balas, G.; Green, J. C.; Scheer, @hem. Eur. J2006 12, 8603
8608.
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Scheme 13. Synthesis of the Phosphido Complexes 65
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center provides additional stabilization and facilitates complexes
of type B to obey the 18-electron rule, while the phosphido
complexes of typd' are formally 16-electron species, due to

can be used to distinguish between the formation of dimers,
ion pairs, or monomers in solution, as was observed o
949.2 62a), 1019.8 62b), 1110.2 62¢) ppm). The chemical

the absence of an axial nitrogen donor. It should be noted thatshifts of the molybdenum-containing complex@sa and 54¢

the three equatorial amido nitrogen atoms can formally donate
a total of 7 electrons, because thecambination of the lone
pairs of the nitrogen ligands has no match on the metal atom.

All structurally characterized phosphido complexes are dis-
tinguished by very short metaphosphorus distances. However,
the bond order of a P bond cannot be determined by
inspection of the M-P distance alone. This is substantiated by
the fact that upon oxidation of the phosphorus atom in
complexes of typeB (54a andB' (65b), the M—P bond length
in the products§9 and72, respectively) is shortened, although
the bond order determined independently by DFT calculations
decrease®®’ This shortening of the MP distance was
attributed to the rehybridization of the phosphorus atom. By
employing theoretical calculations, a similar condition was
predicted for the complexes of type*® In contrast, coordination
of the phosphido ligand in complexes of tyBdo Lewis acidic
transition-metal fragments slightly elongates the-Ridistance

in comparison to the starting phosphido complex. Nevertheless,

the triple bond and the doneacceptor bond are clearly different
(Table 5). The calculated triple-bond covalent radii of a large
number of elements were reported and provide guidelines for
triple-bond distance®

In addition to the short MP distances, a second feature of
phosphido complexes is théfiP NMR chemical shifts, which
are a spectroscopic window to the electronic structure of the
M=P triple bond (Tables 4 and 5). All known phosphido
complexes are characterized by extremely downfield shiffed
NMR resonancesi(varies between 1019.8 ppm ([Na(THJF)
[(RPH'N)3sNb=P] (R = (CHj3)sCCHy) (62b) and 1346 ppm
([(NsN)Mo=P] (65a) and small*Jwp coupling constants (for
example, 138 and 193 Hz f@5b and54e respectively). The
3P NMR chemical shift is a very sensitive parameter, which

(66) Schrock, R. RAcc. Chem. Red.997, 30, 9—16.

(67) Wagener, T.; Frenking, Gorg. Chem1998 37, 1805-1811, 6402
(additions and corrections).

(68) PyykKq P.; Riedel, S.; Patzschke, i@hem. Eur. J2005 11, 3511
3520.

respectively, appear 260 and 235 ppm higher than those of their
tungsten analogue85b and 54e while that of the niobium
complex62cis only 100 ppm lower than that &5b (Table 5).
The13C NMR chemical shift of the carbide complex [K(2,2,2-
crypt)][(RPH'N)Nb=C] (6 501 ppm?:692,2,2-crypt= N(CH,-
CH,OCH,CH,OCH,CHy)3N, R = (CH3)sCCH,) and the!SN
NMR chemical shift of the terminal nitrido complex [(RP¥)-
Nb=!5N] (6 480 ppm’° R = (CH3)3CCH,) are shifted strongly
downfield, suggesting that the low-field chemical shift is a
characteristic feature of nuclei possessing triple bonds to
transition metals. The unusual chemical shift and a large
anisotropy was also observed in the solid-st&ReMAS NMR
spectra of complexe65 and 54.7* This unexpected behavior
was explained in terms of large paramagnetic shielding in
directions perpendicular to the triple bond. Theoretical calcula-
tions (DFT) on the model compounds [K)sM=P], P, PN,

and PCH show that the large paramagnetic shielding is caused
by the field-induced mixing between tlogM —P) andsz*(M —

P) molecular orbitals. The small metghhosphorus coupling
constantJyp was attributed to the low s character of the metal
phosphorug bond, as also predicted by theoretical calculations
on 65b using the PESHO methdd.In contrast, the NBO
method showed a higher s character for this b&n@.

The M=P stretching frequencies and force constants of the
phosphido complexe85 and the M=N and M=As stretching
frequencies of their nitrido and arsenido7) analogues (see
below) also were reported.These show that the force constants

(69) Greco, J. B.; Peters, J. C.; Baker, T. A.; Davis, W. M.; Cummins,
C. C.; Wu, G.J. Am. Chem. So@001, 123 5003-5013.

(70) Laplaza, C. E.; Johnson, M. J. A.; Peters, J. C.; Odom, A. L.; Kim,
E.; Cummins, C. C.; George, G. N.; Pickering, 1.JJ.Am. Chem. Soc.
1996 118 8623-8638.

(71) Wu, G.; Rovnyak, D.; Johnson, M. J. A.; Zanetti, N. C.; Musaev,
D. G.; Morokuma, K.; Schrock, R. R.; Griffin, R. G.; Cummins, C. L.
Am. Chem. Socl996 118 10654-10655.

(72) Balas, G.; Sierka, M.; Scheer, Mingew. Chen005 117, 4999-
5003;Angew. Chem., Int. EQR005 44, 4920-4924.

(73) Johnson-Carr, J. A.; Zanetti, N. C.; Schrock, R. R.; Hopkins, M.
D. J. Am. Chem. S0d.996 118 11305-11306.
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Scheme 14. Reactivity of the Pnictido Complexes 65 and 77
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of the tungsten complexes are larger than those of the phosphido complex’4 and small amounts of its isoméi5
molybdenum complexes, while for both metals the force (Scheme 15)¢Interconversion o¥4and75was brought about
constant decreases upon increasing theBvidistance (M= by traces of water or in dry Cil, in the presence of benzoic
Mo, W). acid. Compound4 reacts slowly with CO ot-BuNC to give
By studying the reactivity of the phosphinidene complex the complexes [MgCpy(u-«t:ct*PR)(CO}L] (L = CO (763),
[Mo2Cp(u-PR)(CO)] (R = 2,4,64-BusCgH2) (73), Ruiz and t-BUNC (76b)), in which the benzene ring ig* coordinated. It
co-workers were able to isolate and characterize a new variety
of asymmetrically bridged phosphido complexes containing @  (74) amor, I.; Garcia, M. E.; Ruiz, M. A ; Saez, D.; Hamidov, H.; Jeffery,
formal Mo=P triple bond’*7> The photolysis o073 led to the J. C.Organometallic2006 25, 4857-4869.
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Table 5. Selected Structural and Spectroscopic Parameters of Type B and Bomplexes

complex d(M—P) (A) O(3P) (ppm) Lwe (Hz) ref
[(t-Bu'PH'N)sMo=P] (544) 2.119(4) 1216 15
[(t-BuPhN}Mo=P] (54b) 1226 49
[(i-PrPH'N)sMo=P] (549 2.116(3) 1256 50
[((2-Ad)PH'N)sMo=P] (54d) 2.107(3) 1215 52
[(i-PrPH'N)sW=P] (548 2.119(3), 2.122(3) 1021 193 57
[Na(ELO)][(RPH'N)sNb=P] (623) 949.2 54
[Na(THFE)J[(RPH'N)sNb=P] (62b) 1019.8 54
[Na(12-c-43)][(RPH’N)sNb=P] (620 2.186(2) 1110.2 54
[(NsN)Ta=PLi] 575 61
[(NsN)Mo=P] (658 1346 14
[(NaN)W=P] (65b) 2.162(4) 1080 138 14
[(NsN)W=P—GaCl] (70) 2.168(4) 366 712 63
[(NaN)W=P—Cr(CO)] (673 708.1 442 62
[(NsN)W=P—W(CO)s] (67b) 662.6 450, 135 62
trans[{ (NsN)W=P},Cr(CO), (68d) 728.1 413 62
trans[{ (NaN)W=P} ;W (CO),] (68b) 2.202(2), 2.460(2) 679.8 426, 151 62
trans-[Rh{ (N3N)Mo=P} »(CO)(MeCN)][PF] (693 791.1 67 60
trans[Rh{ (NsN)W=P} 5(CO)(MeCN)][PF] (69b) 2.177(5), 2.173(5) 642.6 79 60

aLegend: t-Bu' = C(CDy),CHs; P’ = 3,5-MexCeHs; in 62 R = (CH3)sCCHy; N3N = N(CH,CHoNSiMes)s.

Scheme 15. Synthesis of the Phosphido-Type Complexes 74 and 75
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has been shown that6a is a genuine intermediate in the traces of [(NN)W=As] (77b) along with [(NsN)WPh] as the
conversion of73 to 74. main product. In contrast, [((N)Mo=As] (778 was obtained

In the solid state, complex&@4 and76apossess two different  readily from [(NsN)MoCl] (64a and LiAs(H)Ph, while the
Mo—P distances, one being shorter (2.248(1)74){ 2.256(1) reaction of [(N\N)MoPh] with PhAsH yielded H[NsN] as the
A (764) and one being longer (2.363(1) A4); 2.355(2) A only isolable product. In the reactions mentioned above, there
(769)). These complexes were described as containing ®Mo was no indication of the existence of an intermediate complex
P triple bond as well as a MeP single bond. However, DFT  similar to [(NsN)MP(H)Ph] (M= (66a), W (66b)), as observed
calculations revealed @-bonding interaction delocalized over for the phosphido homologues. The arsenido compleikés
the Mo—P—Mo core and therefore a heterocumulene-like possess a linear NM—As core and a short MAs distance
bonding situation is perhaps more lik€RThe molybdenurs (2.252(3) A 74); 2.2903(11) A 77b)).
phosphinidene bonding can be described with a variety of Complex77bcan be readily oxidized by cyclohexene sulfide
canonical forms, but the deduction of their relative contribution to give [(NsN)W(AsS)] (78) (Scheme 14; E= As), in which
is difficult.

Arsenic. The chemistry of the arsenido complexes is much Me;Si e SIMee’
less developed compared to that of the phosphido complexes. N—\JV“““N\/S'M63
The only isolated complexes containing ar=¥s triple bond N +2Li As(SiMe
are of typeB. By reacting [(NN)WCI] (64b) with LIAs(SiMe3),, </T\/ i As( 3)2
Scheer and co-workers were able to synthesize and structurally N -Licl
characterize the first arsenido complex, §W=As] (77b) 64b - As(SiMe3)s
(eq 13)52 Schrock and co-workers were also successful in SiMe
obtaining 77b by the reaction of [(NN)WPh] with PhAsH, Me3Si As 3
which proceeds via benzene eliminatfninterestingly, the \N_LL_‘.\\\N\/SiMes
reaction of [(NN)WCI] (64b) with 2 equiv of LiAs(H)Ph yields T\N S (13)
(75) Garcia, M. E.; Riera, V.; Ruiz, M. A.; Saez, D.; Hamidov, H.; Q/NJ
Jeffery, J. C.; Riis-Johannessen, JT Am. Chem. So2003 125 13044~

13045. 77b
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the AsS ligand is terminally coordinatédInterestingly, the
slightly shorter W-As distance irv8, compared to the distance

in 77b, is attributable to the different hybridizations of the
arsenic atoms in the two complexes (higher s character of the
o W—As bond in78). The reaction of/7b with MeOTf gave

the arsinidene complex [@N)W(AsMe)][OTf] (79).° The
linear coordination of the arsinidene MeAs ligand7f was
judged to be the result of electronic effects rather than steric
factors. The Lewis adduct complef([NsN)W=As} ,Rh(MeCN)-
(CO)][PK] (80) was synthesized by reactingZb with [Rh-
(MeCN),(CO)][PFg), generated in situ. Although no X-ray data
were obtained foB0, the compound is probably isostructural
with its phosphorus analogu€9, since the spectroscopic
properties (IR, NMR) are comparalfig.

A series of transition-metal Zintl phases (for example;-Cs
NblInzAss) containing arsenic atoms in a coordination number
of 1 were reported® The Nb—As distances are short, and it
was suggested that the NBs bond is a strongly polarized triple
bond, on the basis of the interaction between the empisrdi
dy, orbitals of niobium and the filledr orbitals of arsenic.
However, the presence of a true NAs triple bond in such
highly charged species is questionable.

Antimony. Short-lived complexes of the type [(CM)=Sb}~
(n=4, M= Cr, Mo, W;n= 3, M = Fe) were generated in the
gas phase in a Fourier transform ion cyclotron resonance
spectrometer (FT-ICR) by reacting Shwith the corresponding
metal carbonyl” Theoretical calculations on [SbMo(C£) at
the ab initio MP2 level of theory predict a M&Sb triple bond
with a bond order of 2.54.

Scheer and co-workers developed a general method for the

synthesis of the phosphido and arsenido complé&sand
77b by reacting [(NN)WCI] (64b) with LIE(SiMe3), (E = P,

As). For E= Sb this method failed, due to the highly sterically
hindered cavity of the BN ligand. Reducing the steric bulk of
the amido ligands by substituting the B& groups with the
sterically less demanding isopropyl or neopentyl groups gave
the heterocumulene complexesM=E=ML, (L, = N(CH,-
CHoNR)3, R = i-Pr, (CH;)3sCCH,, E = P, As, Sb, Bi)’® The
unavailability of isolable stibides of the type LiSbHR rendered
the synthesis of stibido complexes of tyBdlifficult.

The synthesis of the stable hydride RSbHR = CH-
(SiMes),)7° allowed the in situ generation of the desired starting
material LiISbHR, and so the synthesis and characterization of
the first stable complex containing a transition metahtimony
triple bond have recently been accomplishéd@he complex
[(NsN)W=Sb] (81) was afforded by the reaction of [¢N)-
WCI] (648) with LiISbHR (R= CH(SiMes),) generated in situ
from RSbH and n-BuLi (eq 14). The stibido complex1
possesses a very short-V8b distance (2.526(2) A) and thus
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the W—Sb bond is a true triple bond with strong covalent
character and only slight polarization toward the antimony atom.
Bismuth. Complexes containing a transition metéismuth
triple bond have yet to be reported. This is probably due to the
unavailability of suitable stable starting materials such as
LiBIHR as well as the relative weakness of-ABi bonds.
Theoretical calculations on the model bismuthido complex
[(NsN)W=BIi] show that, once formed, the compound should
be stable enough to be isolated. DFT calculations predict a true
W=Bi triple bond for the hypothetical complex [{N)W=BI]
with a bond order of 2.27, which is essentially identical with
that of the stibido comple81 (bond order 2.285?

Summary and Outlook

Triple bonding between transition metals and group 14 or
group 15 elements was confined to carbon and nitrogen for many
years. In the mid-1990s, however, this “monopoly” was lifted
as the first examples of complexes containing triple bonds
between transition metals and the heavier analogues of carbon
and nitrogen were reported. Thus, a new chapter in organome-
tallic chemistry was established, which has expanded at a
tremendous rate over the past decade. Several remarkable
complexes have been prepared using just a handful of generally
applicable synthetic routes and the reactivity and properties of
many of these complexes have been investigated. Theoretical
studies have been crucial in the elucidation of the bonding
situation in these complexes and are essential for the progress
of this field.

The past decade has certainly been highly rewarding for the
field, and it is expected that its future will be equally, if not
more, rewarding, with many more complexes being isolated,
new preparative methods being developed, and novel reactivity
patterns being discovered. Obviously, two further targets for
the future are the isolation of a transition metsilicon complex
with true silylyne character and the preparation of the first

represents a triple bond. Theoretical calculations suggest tha‘complex featuring a triple bond between a transition metal and

(76) (a) Gascoin, F.; Sevov, S. Gorg. Chem2003 42, 85678571.
(b) Gascoin, F.; Sevov, S. Gorg. Chem2003 42, 904-907. (c) Gascoin,
F.; Sevov, S. CAngew. Chem2002 114, 1280-1282; Angew. Chem.,
Int. Ed. 2002 41, 1232-1234.

(77) Arnold, F. P., Jr.; Ridge, D. P.; Rheingold, A. I. Am. Chem.
Soc.1995 117, 4427-4428.

(78) (a) Scheer, M.; Mier, J.; Schiffer, M.; Baum, G.; Winter, RChem.
Eur. J.200Q 6, 1252-1257. (b) Scheer, M.; Mler, J.; Bauma, G.; Hger,
M. Chem. Commuril998 2505-2506.

(79) Balas, G.; Breunig, H. J.; Lork, E.; Offermann, \@rganometallics
2001, 20, 2666-2668.

a bismuth atom. Hopefully, the synthetic expertise that has been
applied in “taming” the other heavier homologues of carbon
and nitrogen will succeed in the cases of silicon and bismuth
as well.
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