Alkyls 1

‘Alkyl, Aryl, Carbene, Alkylidene & Carbyne Ligands |

R

/ Anionic
M—CHg I\/I—C(,,,,R M—— 2 e- donors

R

Alkyls are typically verystrong anionics-donors second only to
hydrides. They have virtually r@acceptoability.

Increasing the carbon substitution (repladiygrogens with

hydrocarbon groups, methyl— ethyl— isopropyl) usually

increases the donor strength, but steric factors can come into play and
weaken the metallkyl bond (e.g.,-butyl groups ee often too sterically
hindered to bind well).

Replacing the hydrogens with fluorine atoms (vegctron
withdrawing dramatically reduces the donor ability of the alkyl (aryl).
For example, CF and GFs  are not very strong donors.

Metal alkyls are also typically quite extremelyreactive to molecular
O,, water, and a variety of other ligands and reagents. As with hydride
they play a very important and active role in catalysis.
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The main driving force fob-hydride elimination is the formation of a
stronger MH bond (almost always stronger tharaikyl) and the
geneation of an alkene ligand that reduces the unsaturation of the met:
complex. The reverse reaction, however, also can occur and is called
migratory insertion. This is very important in transition metal reaction
chemistry and catalysias we will seen later chapters.

Note that in order to have ab-hydride elimination you MUST have
a empty orbital on the metal cisoidalnext) to the alkyl ligand. You

also must haveb-hydrogens present on the alkyl.

In order to prepare stable-Blkyl complexes one, therefore, often needs
to stayaway from alkylswith b-hydrogens (or avoid metals with empty
coordination sites). Some common ligands usexvtad b-hydride
elimination reactions are shown below.

M M M—
M_CH3 N\\\Me b Si-1iMe
/
Me Me Me \Me

methyl neopentyl benzyl trimethylsilylmethyl

Problems:
a) Why d o eléenMb-fihengl do ab-hydride elimination?

H H
\__¢ Me
M H M ...,
DA
H H Me

b) Would a 16 e M-(t-butyl) complex be stable or not?Why?
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a-Hydride Elimination

A less common reaction with metal alkyls is théydride elimination
where a hydrogen atom émea-carbon is added to the metal to
generate a M=CJR(carbene or alkylidene) group and a hydride:

“, Me,,/ /”c
M e .\\ ] Me ~ H M e
a-hydride migratory
elmination | insertion |
Cl “, I, "\\\\Cl

n,, ‘\\\\CI \S
C / | \// i alse C / | \// / | v
Cl be considered C| C|

an oxidative
addition

Practice your electron counting!!

Note that just as with la-hydride eliminationit is important to have

an empty orbital cis to thea-hydrogen in order to have thea-

hydride elimination occur. In the next section on carbene/alkylidene
ligands, we will see that depending on how you electron couat; an
hydride elimination can also be considered to bethlidndoxidative
addition(see that chapter as Wel

Synthesis:

The most common way of making metal alkyls is to do what is called a
transmetallationthat is react a transition metal halide withlleali or
main groupmetal alkyl, which is typically far more ionic and reactive:

MiX + LIR —> MIiR + LiX
Other reactive alkyl reagents: RMgX (Gignard), RZn, RoHg, RoCu, AIR3
WClg + 6AIMe; ——> WMeg + 6AICIMe,

Problem: Based on core photoelectron spectroscopwhich complex
IS more electronrich at the metal T W(CH3)g or W(CO)g ?? Why?
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The other common way of making-#kyls is to react a moderately

electronrich metal center with an alkyl halide (RCI, RBr or RI):
ML, + RBr — Ri MLyBr
This, once again, is called axxidative addition

CHs

n,, o\ | 1, | w |
Rh’ + Mel —> ‘RO’
|
This will be discussed more fully in tlidative additionreaction
chapter.

Aryl Ligands

Aryl ligands areelatively stronganionictwo

electron donors, essentially judtdialkyls. M——

Since theycannoteasilyb-hydride eliminate

(formation of the benzyne intermediate is

typically too unstable), metal aryl complexes are usually relatively
stable compared to alkyls withth y dr o ge n s . But nAs
term since trans8on metal aryl complexes amsoquite airsensitive

and reactive.

Aryls do have the potential for bogadonation ang-backbonding

through the filled aryp-orbitals and emptp* antibonding orbitals.

This can provide additional stability to a mletamplex, depending on
whether the metal needs additional electrons from the ligand or wants
dump excess electron density onto the ligand.

Problem: Cp,Re-CH,CH3is very stable under inert atmosphere,
but Cp,ScCH,CH3 readily decomposes. Why?
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‘ Fischer Carbenes I

IN1964F i scher 0s group pr eplea
metal carbon double bond, which he called a carbepe, £
after the very reactiveeutralorganic CR fragment.

~
o 9 ©7
(OC)5W—4
CHs CH
(CHz3)30" o~
W(CO) + CHaLi — < I > — (OC)5W:<
CH
@] Ernst O. Fischer
— Technical University of Munich,
(OC)SW CH Germany
3
N J

The reaction of Cr(CQ@)with Li[N(i-Pr)], followed by reaction with

Et;O" generated the analogous Cr carbene complex with Et arféirp(
groups on the carbene. A crystal structure of this complex revealed the
following unusual features of the Cr=C(Et)jNfr),] group:

<?Et/— 1.35 A (normal distance should be

213 A (CI-R single bond Cr 1.41 A, a 0.06 A shortening)

distances are 2.0-2.2 A)

N(iPr); 1.33 A (normal distance should be
1.45 A, a0.12 A shortening)

Thus, the Xray structure indicated that the actual electronic structure of

this ncarbeneo was really more |
@
Cr - (Cr
N(iPr), o VP2

The presence of 5 electravithdrawing CO ligands would certainly
helpisuck upo the f or madresamanceat i v e
structures put on the metal.
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The bonding description commonly used to desdfiseher Carbendas

to treat the carbene asiautral 2e donor ligandhat really only makes a
single bond to the ntal (BUT, weoftendraw it as a double bord. In
considering the carbene as a neutral ligand, it has one filled odpral (
hybrid) that donates i1todés | one |
typical ligand fashion. But it also has one emptyitatijpurep

character) that wants to interact with a lone pair of electrons in order to
form a stabilizing bonding interaction. This isiaglet statearbene
formalism and the possible orbital interactions are shown below:

empty
orbital

empty filled
orbital PN omital /" N m filled

A0 £ orbital
7/ \\ [ | \ II
\ \ l o N/
N ~1 == N R

I -
f— <_
,”70 Cr“\ 'MD C N
vk/ \/w/ O

competition for n-backbonding from the metal and the lone pair orbital(s)
on the functional group(s) to the carbene empty orbital (N and S the best,
then O, Ph, and other n-donating or lone pair containing groups)

If the metal is electrondficient (perhaps due to all the gop@cceptor

CO ligands) then it a npédonate very well to the carbene. Thus we
end up with a MC single bonddven though we draw a double bond

and some multiple bond character between the carbene carbon and th

p-donor groups attached to it (like a NROR, SR, Ph, etc).

Most Fischer Carbendsaved® metal configurationsassuming that we
electron count the carbene ligand as a neutrad®moi), butd* andd®
systems are known.
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The bond strength iRischer Carbenadepends on several factors:

Weak M=C

Strong M=C

Metal

Electron-deficient

(electron withdrawing ligands
like CO, NO, 1% row metal,
electronegative metal)

Electron-rich

(electron donating ligands, 3™
row metal)

Carbene groups

Good donating functional
groups that can p-bond to the
carbene (like NR», SR, OR,
Ph); more than one donating
group really weakens the M-C
bond!!

Simple sigma donors like H or
CH3zt hat pdenatétd the
Carbene carbon atom.

Note that most Fischer Carbenes favontieek bonding situation

where the metal hasd? configuration (counting the carbene as neutral
ligand), CO ligands, and the carbene patonating groups. Thaf
configuration naturally favors thmiddle to late transition metalsr'he
strong carbene bonding situation is actuatinsiderably more reactive,
much like the reactivity of a C=C double bond vs.-& Gingle bond.

The C=C double bond is stronger than the single bond, but it is
kinetically considerably more reactive due to its unsaturation.

Problem: Choose the comple that has the stronger M=C bond. Is
there a large or small difference in bond strengths?Explain.

a) [Cp(CO)o(PPhg)Mo=CH]* -or-

b) [Cp(CO)2(PPhg)W=CH ]+ -0r-

c) [Cp(dppe)Fe=CHp]* -or-

[Cp(NO)(PPh3z)Re=CHy]*

[Cp(CO)2(PPhg)W=CH2]*

[Cp(CO)2(PEt3)W=CH]*

(tricky!")
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Problem: Order the following Fischer Carbenes from the weakest

to the strongest M=C bond. Explain.

a) Ph__ _OMe b) Ph_ _Me C) MeO_ ~_OMe
c C
Hsc\cQ | || Oz || =
N, \\\\ (OMe); MesFr,,,, = aPMeg Cumy,,, o e
e n
/ v | W v
(MeO)4 | Csq Mes | Csqo o=C | ‘CSO
Cl I Cl

The other reactivity characteristic Bischer Carbenas that because

the carbene carbon atom formally has an empuspital, it is very
susceptible taucleogillic attacks there. On the other hand,
electrophiledend to attack the metal center where there are a number ¢
metal based lone pairs available.

‘Schrock Alkylidenes I

In 1973 Richard Schrock, while working at DuPont
central research, prepared thatfiearly transition
metal complex with a metal=carbon double bond:

(t-butyl-CH,)3TaCl, + 2Li(CH,-t-butyl)

/ a-elimination H

{Ta(CHz-t-butyI)5} — (t-butyl-CHy)3Ta

Ricar Sh?rock
Me MIT

unstable intermediate

Me e
+ neopentane

This turned out to be a key development in early transition metal
chemistry.
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Unlike most Fischer Carbenes, these early transition mktdldene

complexes did have cleazut and strong metal=carbon double bonds.
For example, the crystal structure of the,G(=CH,)(CHsz) complex
has the following bond distances:

.

Yy -

2.24 A
_“\\\\\\CH?>
138° Ta ~_ The Ta=CH, bond is distinctly shorter
\AC& than the Ta-CH3 single bond!
2.03 A
The reason that Schrock gfierene t h

name (alkylidenes) was not just because of the structural differences.
These early transition metalkylidenecomplexes had very different
(almost oppositedeactivities compared teischer Carbenes

Fischer Carbenes

Schrock Alkylidenes

Nucleophillic attacks at carbon atom of
carbene (carbon is electron deficient)

Electrophillic attacks at carbon atom of
alkylidene (carbon is electron-rich)

Electrophillic attacks on metal center
(metal is more electron-rich, often d6 18
e- system)

Nucleophillic attacks on metal center
(metal is electron-deficient, usually d2 or
d0 16 or 14 e- count)

Carbene is stabilized by heteroatom
groups that can p-bond to it. Likes NR»,
SR, OR, or Ph groups.

Alkylidene is destabilized by heteroatom
groups that can p-bond to it. Strongly
prefers H or simple alkyl groups.

Later transition metals favored,
especially with d® counts (carbene as
neutral 2e- donor ligand)

Early transition metals favored,
especially with dO centers (alkylidene as
dianionic 4e- donor)
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The bading description commonly used to desciiudrock

Alkylidenesis to treat the alkylidene asdanionic 4&- donor ligandg
which is what the electron

: empty filled
counting and valence rules fron ortitel I
the first chapter wouldhdicate '

H . \"“--ti L—"/ R
The filled p-orbital on the M cC
alkylidenecarbon nicely 0 “H
explains the tendency for \/

electrophiles to attack at this
i ile i I both the sp2 and p orbitals on the alkylid filled
S”Ee’ Whlle In a FIS_Cher Carbene (chs thee-;pchsz]"geﬁj Z.fmjf Zosﬁ?ganes?ror{gj'.’yeggngtz lfoethe
th|S same Orb|ta| IS forma”y empty orbitals on the early transition metal (only one empty
. d orbital is shown)
empty and thus susceptible to a

nucleophillic attack.

Similarly, the @ metal center in the typical Schrock alkylidarsially
only has a 12 to 16-eount (often 14 ¢, this means that there are
several empty low energy orbitals that are very attractive to any
nucleophile that can sterically access the metal center. In Fischer
carbenes, the metal is typicall§ @hd 18e, thus there are no empty
orbitals on the metal for a nucleophile to attack.

One other way to view a Schrock alkylidene is as a neutral ligand, just
as with a Fischer carbene, but that it is intth@et carbene statand
interacting with a spin unpad & metal empty filled

center: orbital [\Of bital

-
7’ N

Theview of an alkylidene asmeutral ([ '
R

triplet carbene forming a strong covaleni“‘“‘Mf T@C/
double bond to a triplet metal centeris __., " -2 y

very analogous tthe covalenC=C o/ 1)
double bond in organic chemistry. %/
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Molecular orbital (MO) diagrams for geme Schrock alkylidene and

Fischer carbenkgands areshown below starting with both carbon
fragments as neutral triplet (alkylidene) and singlet (carbene) groups:

_ g~

alkylidene
metald /. p and sp?
: . emptyd :
orb|t?ls " orbitals orbitals —p
= 4
y
/ metal d carbene
orbitals

im

% 2
/ f Sp
this extra d
orbital used for

bonding to
other ligands

nw T

. ‘
< .
’ 4
A '
< ’
) v
) '
. »
’ v
‘, '

Schrock alkylidene Fischer carbene
Metal = d? Metal = d®
alkylidene triplet state carbene singlet state

(Ta3*, Nb3+, etc) (Cr0, MoO, Re*1, etc)

Note that the higher energy early transition metal deortaatch up

much better with the higher energy triplet alkylidene orbitdlss leads
to considerably strongeovalentbonding(both MO diagrams are on the
same energy scale)
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So How Should | Electron Count??

The various methods of electrgpountingcarbenesandalkylidenesare:
1) both as neutral 2 e- donor ligands (but still draw a M=C double bond)
2) both as dianionic 4 e- donor ligands

3) Fischer carbenes as neutral 2 e- donor ligands. Typically group 6 or
higher metals with a d6 or d8 electron count (sometimes d4).

4) Schrock alkylidenes as dianionic 4 e- donor ligands. Typically group 4
or 5 metals with dO electron counts. Also later transition metals in high
oxidation states (d9, d2, or d4).

Of course, in order to do method 3 or 4, youentorrealize whether you have a
Fischeror Schrocks y st e m. This isndot al ways e
recommend uniformly adopting methods 1 or 2.

It is somewhat important to be able to tell them apart since Schrock alkylidenes
almost alway$iave strongefbut often still very reactivdyl=C bonds compared

to Fischer carbenes. So on a question asking you to order a series of carbene
and/or alkylidene complexes, it is generally important to figure out which is
which. On this type of questidnd | | 0 n layaxgnunv abneySohtock
alkylidene since théactors determining alkylidene bond strengths are not
anywhere as clear cut as those for Fischer carbéxeassignmentd will also
generally give you clear cut examples.

As far as the owrall electron-c o u nt |l S concerne(d,
matter which electron-counting method you use, since both give you
the same overall electrorcount!!

Example: ldentify the following complexes as Fischer carbene or
SCh rOCk neutral carbene neutral carbene
alkylidene. ﬂ FEN G e
N wCl cr 2e- | 2go de-
CH, 2e- Re CORH 2e-

a .

N w
X T o) —=
18 e- OC RO 18 e-

d? early TM using neutral d® mid-TM using neutral
carbene indicates a Schrock carbene indicates a Fisher

alkylidene complex carbene complex
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NMR Data

T h e r eany ckear éut way of distinguishirkgscher carbendsom
Schrock alkylidenesSome complexes, of course, will fall in between
either category (shades of gray)

13C NMR data is potentially one way of distinguishirgiween
carbenes and alkylidenes because the chemical shift of the carbene
carbon is usually quite sensitive to

: . 13¢
the chemical environment, Compound d(ppm) | Class
electron density, and bonding | cp,tai=cH,)Me) 224 | Schrock

factors. Unfortunately, the NMR
data, although sometimes useful
generally netmn 0 t|OFBYCEFHHME) o| 246 | Fischer
identify when a system is a (OC)sCr(=CPh(OMe)) 351 | Fischer
carbene or alkylidene, as shown ifhc)_cr=cph,) 299
the table to the right

(t-BuCHy)3Ta(=CH(t-Bu) 250 Schrock

Fischer

1H NMR data has prageduseful information about carbene rotational
barriers. As with most double bonds, there is a rotational barrier for the
M=CR, bond ForSchrock alkylidenes this is usually quite hi{

> 100 kJ/mol), but for the more weakly bonded Fischer carbenes this ¢
often be readily determined from variable temperattr& MR studies.

The Cr carbene shown bel@agtually has more double bond character
between the carbene carbon and-tbile group relative to the Cr=C
bond At 25°C the methoxy Ckgroup shows a singféid NMR
resonance indicating that there is relatively fast rotation about-the C
OMe bond, while at 40°C

there are two resonances H3C\O o

; Y CH
for the methoxy CH (0C)s oy — (0C)e Cr < 3
group, one for theisand \CH
transconformers, 3 CHs
consistent with partial trans cis

double bond character.
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The Hot Carbene Ligand

The hott est ar@migamw@bateiNghaarocdyslic carberse
(NHCO )sshownbelow. The flanking N atomand R groupgrovides
steric and electronic stalmhtion making this a reactive, but
synthetically accessible ligand. R
NHCO6 s ar strongssdanad, | _ N
oftenexceeding the donor ability o / \ E >—|\/|
an alkylated PRligand(see plot R/NVN\R
below). The backbone double bon N

R
may or may not be presefationg
with other R groups)

2070 -~

Ph

Note that this ligand is
usually drawn with a
single bond to the metal.
But it is NOT an anionic
alkyl and there is NOT a
H atom on the carbon
atombound to the metal 2040 - 2
centel! It is typically PN N e RE=091
electroncounted as a ; ; ; ' '
neutral Eischer carbene. 2000 2010 2020 2030 2040 2050
Because of the two ag(CO) for Ir(CO)LIL) (em™)
flanking N atoms that cap-donate into the empty carbep@rbital, it is
not considered to be a gogdacceptor.This p-donation, however, does
helpmake it a stronges-donorby compensang for thes-withdrawing
electranegative N atoms

i—N N— e
20604 7T

Ph
Crabtree's abnormal NHC

2050 A

Tolman Electronic Parameter (cm™1)

SomeReferencedo N-heterocyclic carbenes

Wolfgang A. HerrmanniiN-Heterocyclic Carbene®art 31. NHeterocyclic Carbeneé& New Conceptn
Organometallic Catalysis Angew. Chem. Int. EQR002 41, 129613009.

Robert H. Crabtre@ coworkers) fAbnormal C5Bound NHeterocyclic Carbenes: Extremely Strong
Electron Donor Ligands and Theirdium(l) and Iridium(lll) Complexes. Organometallics2004 23,
24612468 (modifiedhCO plotabove from this reference).
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Problem: Order the following M=C complexes from the one with
the highest M=CR, rotational barrier to the lowest. What factors
affect the M=C rotational barrier? ldentify each complex as either
a Fisher carbene or aSchrock alkylidene.

a) H Me b) Ph Me
\C/ \C/
HaCrn, || wCH MesPu, || wPMeg

o a.

H,C™ ‘ o Me;P™ ‘ g,
CH3 Br

C) MeN_ _NMe, d) Ph_ _OMe
C

oscu,, || e OScu, || wPome);

| A

o= | e (Meo)7™ | C

Cl Cl
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‘ Carbynes/Alkylidynes M=C—R |

E. O. Fischeaccidentalyp r e par ed tktdple bonded t MI
compound in 1973

MeO R planned rxn X R

j/ didn't work ﬂ/
co
| o oc—Mco
OC—M—CO + BXs % oc” |
- |

ocC
ocC \ R

|

C

M = Cr, Mo, W

X =Cl, Br, | OC—M—CO
R = Me, Et, Ph OC/

He called this @arbyneafteralgne, whi ch refers to
Early transition metal versions were prepared first by Schrock in 1978
via a-deprotonatiorof the alkylidene

(S Y

| 1. PMes |

“_.Ta —_— wela + [PthCHg]Cl
\ ! NS

- / %VH 2.Phgp=cH, / SCo

Cl Meg R

These were calledkylidynesby Schrock. Fortunatgl while there are
some differences between early and later transition metal carbon triple
bonds, we can treat them as basically being the sdes, one can
simply treatcarbynesandalkylidynesas trianionic {3) 6e donating
ligands. They are veryrsing donors as might be expected from the
relatively low electronegativity of carbon and #gormal charge.

Ph.  _H Ph
g i
nCo = 1938 cm™! - W"‘\\\COM - \|/|\|/"‘\\\COMe nCO = 1870 cm™!
— _W——FMeg - W 3
Meg / I Me3 / I

Cl Py






