Answers To Chapter 6 In-Chapter Problems.

6.1. The mechanism is identical to hydrogenation, with [(pp)&blacing H and [Pt] replacing Pd.
The number of ligands attached to Pt is uncertain, so it is permissible to write [Pt] insteagP PRI

(PhyP)gPt.
_B(Pin) , Ph—==—CHj

(Pin)B—B(Pin) HDt]\B oi
%; PN () (a) oxidative addition;

Py ° Phl_—CH3 (b) coordination;
B(Pi i tion;
Ph CH, /R P CHs [ 1< BEP:Z; gg)) Irr::-?:l%rclt(i)\?e elimination.
> - : (d) IEP'[] B(Pln) <—/(C)
(Pin)B B(Pin) B(P

6.2. The mechanism begins the same, but after coordination of tha Ber@ to Rh, a Si-Rh-O
intermediate is obtained. Reductive elimination gives the identical product.

RsSi—H Rh/ K&M
a S|R3 (b)

""" Me (a) oxidative addition;
" | H (b) coordination;
<. (c) insertion;
P A SiR;  (d) reductive elimination.

O—V" Me O—rl\/l

/ (d) / J(c)
R3SI H S|R3
6.3. The mechanism proceeds by insertion of Rh(l) into the Si—-H bond, coordination of tmebG=C
to Rh(lll), insertion of thetbond into the Rh—Si bond, coordination of CO to Rh(lll), insertion of CO
into the Rh—C bond, and reductive elimination to give the product and regenerate Rh(l).
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6.4. The isomerization of alkylzirconocenes proceeds by a sefidsyalride eliminations and insertions.
Because the C(3p-Zr bond is much stronger than the GJs@r bond, and because the allene product
that would be generated Byhydride elimination from an alkenylzirconocene is high in energyB-the
hydride elimination is uphill in energy.

6.5. An alkylzirconocene undergoedond metathesis with4Bas to give the alkane and{ZpH*.
Coordination and insertion of the alkene into the Zr—H bond regenerates the alkylzirconocene.

\Y H,C=CHR v \
Cp,Zi—H ——  cp, il \ g
coordination H
HSC\/ R ’x
o bond metathesi . . /
v R Insertion
H/H

6.6. The reagent PhI=NTs can be drawn in the resonance meNH’h,Iwhere its resembalnce to CIO
becomes clear. Moreover, the issues of the square planar coordination sphere of the Mn(salen) complex
don’t exist with Cu(ll), so a very simple mechanism can be drawn: coordination of the N of the reagent to
Cu(ll), displacement of Phl by a lone pair on Cu to give a Cu(lV)=NTs reagent, [2 + 2] addition to the
alkene, and reductive elimination.

+ - +
Pht—NTs  pp| %)

I _ NTs
v (@) DN g
R R? Cu: .
(c) L (a) coordination;
v R1 (b) [2+2] cycloaddition;
N TsN—/ NTs (c) reductive elimination.
Ts V| (b) v
Cu—\ , Cu
i Rl R?

Unfortunately, there’s a problem with this mechanism, too: Cu doesn't like to be in the IV oxidation state.
A more likely mechanism begins with one- or two-electron reduction of Cu(ll) to Cu(l) or Cu(0), followed
by a Cu(l)/Cu(lll) or a Cu(0)/Cu(ll) catalytic cycle. The electrons for the reduction would have to come
from the PhI=NTs reagent.

6.7. OsQ(OH), is in equilibrium with Os@Q. Addition of the amine oxide O to Os gives an Os(VI) ate
complex, and a lone pair from Os displaces;iRgive OsQ.
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@) O ~_ + @) @)

I “HO0 _ I TO—NR; 1} + I
O=(|)s—OH — ﬁ)s O=?|)s—OU\IR3 — O=ﬁ)s=0

OH O O O

6.8. As before, KOSO,(OH), is in equilibrium with OsQ. TsNCI adds to Os, which uses a lone pair to
displace Cl from N and give the key Os(VIII) intermediate. Coordination of the Sharpless ligand creates a

complex that adds rapidly to the alkene. Hydrolysis of the Os(VI) product regeneraig®©Bs@nd
provides the product.

Ts
0O > O ~_| O Ts
vl OH Q OH _—H,O v N—Cl w7} | _»V,”C%/NTS
o:ols_o|-| —— w/oS\ O=”Os O=ﬁ)s—N—Q:I O//<O
HO oy G "OH 0 O
(DHQD),PHAL ‘
Y
Ts _Ph L
TsH Ph V?\E) N . Q| NTs
%N oL
H 5 Hzo O/ ._',',,CO Me O/ o)
“CO,Me 2
’ X _COMe
P N

6.9. The alcohol and aldehyde are in equilibrium with the hemiacetal. Coordination of Hg(ll) to the
alkene is followed by attack of the hemiacetal O on the alkene to give, after loss of AcOH, the product.

Et Et

O/kOH Hg(OAc), o~ SoH
i
\] CgH; /K/\

7 Q
(ACO)ZHZ\

ji/\ EtCHO
CgH37 X CgH37

Et Et

O OH - HOAC O O

Hg(OAc )\/K/H OAc
C8H1)\/K/ g( )2 g

7 C8Hl7

6.10. Coordination of the alkyne to Pd(ll) is followed by attack of O on the distal C to give the furan ring
with the C—Pdy bond. Proton transfer from O to the C bearing the Pd is followed by fragmentation of the

C—Pd bond to give the product and to regenerate Pd(ll). Instead of protonating C, one could protonate Pd
and show a reductive elimination to give the same product.
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AN \/
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[Pd] Ph
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Il [Pd]

6.11. The mechanism is very similar to the stoichiometric one, except that the key dialkylcuprate reagent
is made from transmetallation of the Grignard reagent.

Z Mgl _\ ! 'V'e\(:/io
y J I-Pr

[Cu] "MgBr

/\\
Ve OMgBr \_(I:L/\ . |L'_| *MgBr
M -) nggBr M \/
i-Pr - Q\Ci
i-Pr

6.12. As usual, we number the heavy atoms.

30 2 MgCI 4
1
9\/7\/5\sz NEt  cat Ti(Oi-Pr), C é

8 6

Hold on! The product is missing O3. Where did it go? Also, what happens to the two equivalents of
CsHgMQgCI? It makes sense that O3 should be bound tdgLl ions at the end of the reaction. That
leaves two GHg groups to account for. Perhaps they are disproportionateddhtg@nd GHg. Make:
C2-C8, C2-C9, 03—-Mg11 (twice). Break: C2-03, C10-Mg11 (twice).
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H H 3 11,11
H O(MgCl),
1
4 NEt2
\/\/\3)(1 2 0 N1|§13C| 5 2 1
1
9\ 7 5 2 "NEt, cat. Ti(Oi-Pr)4 6 9
8 6 4 - 8H H H

The Grignard reagent is obviously a nucleophile. Although C2 is an electrophile, we do not make a C2—
C10 bond, so that is not the first step. The first step is substitution 6fRv@ groups on Ti with two

CsHg groups. 3-Hydride abstraction then occurs to giveHgg and a titanacyclopropane, which is a
resonance form of Ti(ll)—§Hg complex. Exchange of the;8g alkene ligand for the substrate alkene

gives a new Ti(ll)-alkene complex, which is a resonance form of a Ti(IV) titanacyclopropane. This ligand
exchange converts both C8 and C9 into nucleophiles. Insertion of the @23dd8 into the C8-Ti bond
gives a titanafuran with a new C8-C2 bond. This compound can also be described as an
O-titanahemiaminal. The lone pair can be used to cleave the C2—03 bond and give an iminium ion and a
Ti(IV) alkyl ate complex, which is nucleophilic at C9. Attack of C9 on C2 gives the desired product and a
Ti(IV) oxide, which undergoes ligand substitution with two equivalentssblg®IgCl to complete the

catalytic cycle.

i-Pro
i-PrO~ Ti- O4-Pr

|
i-Pro 2 MgCl O
o ()

I- PrOMgCI O| Pr Et2N

i-Pr—O\
i-Pr- O—T| I-Pr-Q I-Pr-Q " Ti—
(b) R A o
T| Tl—— i-Pr-O
i-Pr-& i-Pr-G
MgCl
NEt,
2 M OCI I
92 2 i Q
i-Pr-O__ v (d) i- Pr—OJV i- Pr—QIV _ /
T| A -
i-Pr-0” \ % i- Pr—d \\ i- Pr—d \
NEt2 <iNE,
(a) ligand substitution; NEt,

(b) B-hydride abstraction;
(c) insertion;
NEt, (d) ligand dissociation and nucleophilic addition.
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6.13. The question should read: NMO oxidizes one CO ligand of the alky{&cocomplex to CQ
and gives an alkyne—-G(&O)s complex. Write a mechanism for this transformation.

The mechanism begins with nucleophilic attack of the amine oxide O on a CO ligand to give a species that
looks something like an ester. The Co—C bond then cleaves, with the electrons being used by C to make a
mtbond to O and expel NR

e CQ CQo O
R o) -t R 0,0 + R o)
j}clo/—c,é/\é O—NRs _Clo/—C{%/\NBRfS . c’ & NRg
< A < !
Ca—CO Ca—CO Ca—co ©
I | |
R &0 R &0 R &0

6.14. This reaction can be viewed as an acid-catalyzed aldol reaction between an ester and an aldehyde,
where the carbonyl O of the ester is replaced with afCQjroup.

CQo o) CQo

OMe BF OMe
oc /C:r/ o h)J\ 3 OC—/C:r/:§_<H
oC cO 3 P H oC coO

H Ph

The mechanism proceeds byfatalyzed conversion of the Cr carbene complex to an “enol”, followed
by attack on the Bf-complexed aldehyde.

o O—BF;
BF:  cQ.o/ F.B CQ s .8 CQq3s P
N oggove PR LEGOwe PR [OGme 7w
TS Seny, T O 5E N T OS5 TSen
oc Lq 3 octo &, oC 2
BF + _BF
C + 3 C oo 3
S "o omed -+ FB " Sme Hg/
OC con”T pn H Cco Tpn H
H H
HO—BF,
C + C
PR /ixQ?O OMe H —BFs |/Q30 OMe H

S G o
oC oC

CO CO

L ph L ph

6.15. Make: C1-C5, C3-C7, C5-C6. Break: C3-Cr4, Cr4—C5.
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4 5 6 7
1\ Cr(CO) =—7Pr
N 23
Me OMe Me

The mechanism begins with a [2 + 2] cycloaddition between the Cr=C bond areQHmaxd to form the
C3-C7 bond and give a chromacyclobutene. Electrocyclic ring opening breaks the Cr4—C3 bond to give
an allylidenechromium compound. At this point, several pathways are possible; one is shown below.
Electrocyclic ring closing of the 1,3,5-triene system gives a chromacyclohexadiene, insertion of CO into
the Cr—C1 bond (or Cr—C6 bond) occurs, and reductive elimination gives the product.

Me Me electrocyclic
\ Cr(COy =—~Pr \Pr /Cr(CO)5 opening
[2 + 2]
N M N M
Me OMe Me OMe
(OCI\)/ISSK (OC)Cr
electrocyclic M P
N\ / Pr  closing " insertion
N N
Me OMe Me OMe
(CO)s
Cr
M \ reductive
o Pr elimination
N OMe

Me

An alternative end-game has the CO insert into the Cr=C bond of the allylidenechromium compound to
give a Cr complex of a ketene. Electrocyclic ring closing of the ketene would then give the product.

6.16. The purpose of the P compound is to coordinate to Ni(0) and keep it in solution throughout the
course of the reaction. Coordination of the diene to Ni(0) gives a complex that can also be drawn as a

Ni(ll) nickelacyclopentene complex. Coordination of the alkyne, insertion, and reductive elimination
complete the catalytic cycle.
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OAc

0 /\
[Nl]

M —

[N ]

(c)
(b)
[N|] Il
Me

(a) ligand coordination; (b) insertion; (c) reductive elimination.

OAcC

6.17. Coordination of the Rh(l) to the vinyl group and homoallylic rearrangement gives a
rhodacyclohexene. Insertion of the alkyne into a Rh—C bond and reductive elimination completes the
catalytic cycle.

RHII

\X A_? (a) Coordinati_on;
OTB% OTBS @v ?8 if;grgrct)iilllyhc rearrangement;

=S (d) reductive elimination.

OTBS Rh

OTBS

6.18. Make: C1-C9, C3-013, C5-C10, C7-C12, C10-C11. Break: C3-C5, C3-06.

o) 5
2 mol % [Rh(CO}CI]z,
o k

11 12

The C7-C12 and C10—C11 bonds can be made by a Diels—Alder reaction (cyclohexene product). This
observation simplifies the problem considerably.
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0 0
0 H o)
=10
—
\ 0\, o 0
Me Me

The mechanism for formation of the cycloheptenone is exactly the same as discussed in the book. After a
Diels—Alder reaction, the enol ether is hydrolyzed to the ketone by an acid-catalyzed mechanism.

6.19. As is almost always true when when the substrate in a Pd-catalyzed reactiof)+X Qs first

step is oxidative addition of Pd(0) to the C—I bond to give an arylpalladium(ll) intermediate. (Although the
Pd compound that is added to the reaction mixture is Pd(ll), it is reduced in situ to Pd(0) by the
mechanism outlined in the text.) Coordination of CO and insertion into the C—Pd bond gives an
acylpalladium(ll) intermediate. Deprotonation of the alcohol is followed by nucleophilic attack on the
carbonyl C. Expulsion of Pd(0) gives the product and completes the catalytic cycle.

[Pd]0
6 ©é @io

(a) oxidative addition(b) coordinationjc) insertion.

6.20. Make: C2—-C6. Break: C2—-Br. Also, note the loss of one H from CS8.

10 Pd(OAc), PhP
e Eth

The mechanism begins with oxidative addition of Pd(ll) to the C2—-Brl bond to give an arylpalladium(ll)
compound. (Although the Pd compound that is added to the reaction mixture is Pd(ll), it is reduced in situ
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to Pd(0) by the mechanism outlined in the text.) Insertion into the CA$0wd is followed bys-
hydride elimination, with the H coming from C8, to give the product and H—Pd(ll)-Br. Deprotonation of
the Pd complex regenerates Pd(0) to complete the catalytic cycle.

[Pd}— Br
° [Pd] o "
(a) oxidative addition;

salt (d) (b)‘ (b) coordination, insertion;
base H (c) B-hydride elimination;

(d) deprotonation, dissociation.
‘\{ S

6.21. It proceeds by the standard mechanism for cross-coupling reactions: oxidative addition of Pd(0) to
the C—I bond, transmetallation to give the C—Pd(II)-C compound, and reductive elimination.

\—/oxid. addn.

[Pd]®

Tf Tf Ared. elim.

I Iz
v,
s,
',

6.22. Again, it proceeds by the standard mechanism for cross-coupling reactions: oxidative addition of
Pd(0) to the C-Cl bond, transmetallation (can also be viewed as ligand substitution) to give the N—Pd(Il)—
C compound, and reductive elimination.
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: . : "[Pd}—-Br

OXId addn. ‘ C (MegSi),NLi
0
[Pd] Y LiBr

NsiMeg, " ™ [PAI-N(SiMey,

Me Me

6.23. The mechanism is the same as a regular Stille coupling, except that coordination of CO and insertion
into the Pd—C bond intervenes between the oxidative addition and transmetallation steps. At some point
the TfO- group on Pd is exchanged for a Gfoup.

"IPd-oT1f CO ”[P\d]—X
co
O O

\‘/((a) \ ()

[Pd]°
A(e) Il N SiMe Il
[Pa] """ (d) [Pd}-X
SiMe; Bu,ShX
¥ SiMe,
BuSIT N~

(a) oxidative addition; (b) coordination;
(c) insertion; (d) transmetallation; (e) reductive elimination.

6.24. Protonation of the epoxide by AcOH is followed by nucleophilic ring-opening with P®) (S
type reaction) to give an allylpalladium(ll) complex. The Ad¢en attacks the allyl ligand, regenerating
Pd(0) and affording the product.

Oy =
+
O H

(a) oxidative addition;
[Pd]° N (a) (b) nucleophilic displacement (}3").

H ( HO S OAcC
11
G b [Pd]
©) \/
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6.25(a). Coordination of Pd(ll) to the alkene converts the alkene into an electrophile, which is attacked by
the OH lone pair to give an alkylpalladium(ll) complg¢Hydride elimination, insertion, and a secdhd
hydride elimination afford the product and a Pd(Il) hydride, which is deprotonated to Pd(0). Oxidation of
Pd(0) back to Pd(ll) is carried out by Cu(OA@nd the Cu is then reoxidized by.O

SUENS L I
a n—H
[Pd]” — H
X L [Pd]"

I
Pdl” @) H H
[Pd]°
- l(b)
H—[Pd]
CH 9 3 —LHH
/ 3 (b) h \y

[ ] [Pd—H

H H

(a) ligand association; (8-hydride elimination; (c) insertion; (d) oxidation.

(b) The mechanism is exactly the same as described in (a), except that the nucleogbilend the last
-hydride elimination removes H from O, not C.

HQ H H
CXA CX/ Pt =2 e
[Pd]"

(d)

OHC H H
[Pd]O |
(b)
[Pd]” Y v H
CHj L M B —\—LH
[Pd]" [Pd—H
OHC H H OHC H H OHC H H

(a) ligand association; (I-hydride elimination; (c) insertion; (d) oxidation.

6.26. The mechanism begins witthydride elimination to give a benzylidenetitanium complex. A [2 +
2] cycloaddition gives the titanaoxetane, and [2 + 2] retrocycloaddition affords the product and the by-
product.
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~NMe, Me,
w  pw @

H%
Cp,Ti 7 CpTi=X

— TiC
A;H Ph CpoTi—\ P2
P ! Ph Ph

(a) a-hydride elimination; (b) [2 + 2] cycloaddition; (c) [2 + 2] retrocycloaddition.

6.27. The Mo=Qtbond of the catalyst (Rt=Bu in the first catalytic cycle, R = h subsequently)
undergoes a [2 + 2] cycloaddition to the substrate to give a molybdacyclobutane. A [2 + 2]
retrocycloaddition affords a new Mo=i€bond, which undergoes intramolecular [2 + 2] cycloaddition
with the other C=Gtbond in the molecule. A [2 + 2] retrocycloaddition affords the product and
regenerates the catalyst.

“Et Et '°—Et
(@) [2 + 2] cycloaddition; (b) [2 + 2] retrocycloaddition.

6.28. The mechanism again consists of a series of [2 + 2] cycloadditions and retrocycloadditions.

TiCp, —TiCp,
C Z? . —

n \(_b)/ _—
(a) [2 + 2] cycloaddition; (n=n+1) n
(b) [2 + 2] retrocycloaddition.

TiCp,
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Answers To Chapter 6 End-of-Chapter Problems.

1. (a) A new C—C bond is formed between a nucleophilic C—Zn and an electrophilic C—Br. This Pd-cata-
lyzed reaction proceeds through the standard oxidative addition, transmetallation, reductive elimination
process characteristic of Pd-catalyzed cross-couplings. The oxidative addition requires Pd(0). The role of
the DIBAL is to reduce the Pd(ll) to Pd(0) by two transmetallations and reductive eliminatign of H

Cl.B PP 2 iBLAI—H  PRRJ H - PRRD
PhP Cl (a) PhP™ "H (b))  PhP”
PhgR._ 0
@ oh, P/Pd Q m BanCI
gy | BCH
SO,Ph
N—
e ®)  Php Y/
NG SO,Ph

(a) transmetallation(b) reductive elimination{c) oxidative addition.

(b) An allylic leaving group is replaced by a nucleophile. This reaction proceeds through the standard
sequence for allylic substitutions catalyzed by Pd, i.e. two sequential backside displacements. The chiral
ligand causes the nucleophile to attack only one of the two prochiral termininédoe allyl inter-

mediate. The N may be deprotonated before or after it attacksatlycomplex.

O(Ph)P N o Al
. owe TN
CO(Ph)ZP /@ /\JL/\ o P(Ph)zo> A

OMe > P(PhyO
—  ° _
P(Ph)zo O(Ph)zP\ o (j + J/ (j J/
” P(Ph)zo ) C O(PhyP” NTs

(c) A new C—C bond is formed between a nucleophilic terminal alkyne@®H@nd an electrophilic C—I.

This Sonogashira reaction proceeds through the standard oxidative addition, transmetallation, reductive

elimination process characteristic of Pd-catalyzed cross-couplings. The terminal alkyne is converted to a
Cu(l) acetylide before transmetallation to Pd occurs. The mechanism was discussed in the text (Section
6.3.4).
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(d) A new C-C bond is formed between a nucleophilic C—B and an electrophilic C—I. This Suzuki
coupling proceeds through the standard oxidative addition, transmetallation, reductive elimination process
characteristic of Pd-catalyzed cross-couplings. The mechanism was discussed in the text (Section 6.3.4).

(e) There is no nucleophile in this Heck reaction. The first step must be oxidative addition of Pd(0) to the
Ar—I bond to give a Pd(ll) complex. (Before this can occur, the Pd(Il) complex that is added to the reac-
tion mixture must be reduced to Pd(0). In this system, it is not clear how it happens. Either the B

in a small amount of heterocycle might act as a reducing agent.) The crucial C—C bond is then formed by
coordination of thetbond of acrylate to the Pd(ll) complex and migratory inserthlydride elimina-

tion gives the organic product and I-Pd(l)-H. Deprotonation and dissociatioregeherates the

Pd(0).

Ph Ph

C[ “roos AL L
N \— CO,Et

=l P P

Ed—l (b) J )

n

Ph H ~
COzEt CO,Et H : NEt, 0
\ |2 — LPd
/ | "PdL,  (e) n
s H D

(a) oxidative addition(b) coordinationyc) insertion;(d) B-hydride elimination{e) deprotonatio

(H An allylic C with a leaving group is being epimerized by the Pd(0) complex. One possible mechanism
is simple displacement of N by Pd(0) to form thallyl complex, then displacement of Pd(0) by N to

reform the ring. The problem with this mechanism is that allylic substitution reactions catalyzed by Pd
proceed withretentionof configuration (two {2-type displacements), whereas this reaction proceeds with
inversionof configuration. In this particular molecule, the anionic N can coordinate to thalRt
intermediate in an intramolecular fashion; reductive elimination from this chelate would give the product
with overallinversionof configuration.

PhyP PhgP
R — _ 0_PPh PhsFLPd B |_F|>h3,FlPd
% Pdl > PPh a S </'ﬁ . ArOZSNu.). </’ﬁ —
H QSAFI oxidative H H R H
addition ~NSGAr
PR PPh | SOAr

H
Pd — N~/ PhP_ 0
ArO,SN-N"__ - + s > pd
reductive PhP”

R H elimination R H
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(g) Make: C4-C5, C1-H. Break: C5-H.

CHj
. 2 CHs ScozEt 1 mol% Pd(dbay-CHCl, 1_2 CO,Et
— 3 . + H CN 5 mol% dppf 3 45 CN
Ph Ph

C5 is extremely acidic, and once deprotonated it is nucleophilic. C4, though, is not electrophilic, so we
need to convert it to an electrophilic C. Looking at the product, one sees that the new C—C bond is allylic.
This suggests attack of C5 omallyl complex. This complex could be made by insertion of the(21

mtbond into a Pd—H bond. This last could be made by protonation of Pd(0) by C5.

CH, CHs CH,
COEt _ :._< H _§

allylic CN R N
A L L,Pd H— PdLn

Protonation of Pd(0) gives [Pd(II)—H] Coordination and insertion of the €12 rtbond gives the Pa
allyl complex. Attack of the nucleophile on the less hindered terminus gives the observed product.

CH,
) /\ COZEt :—< CH3
N +
L,Pd: H+CN — H—Pd ) < A
n T bn coordination, +d
Ph insertion. P di
CO,Et s
Hy 2 CO,Et 0

}<J CN — cN T LaPd:

A

LnPd, Ph

(h) This reaction is simply a Wacker oxidation. Its mechanism was discussed in the text (Section 6.3.6).
The key steps are attack 0of® on an electrophilic Pd—alkene complex, tRerydride elimination to give
the enol.

() Make: C1-C5, N4-C5, C3-06. Break: C1-Br.

o EtQ® O
3d> 2 3 ]
2 A
N2 2% (PhP)PdCh, 8% PPl N3
CO, 1.3 Ef{N, EtOH 1
1 Br S 6 o)
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Incorporation of CO into an organic substrate usually occurs by insertion of CO into a C—metal bond. The
requisite C1-metal bond is formed by oxidative addition of a Pd(0) species into the C1-Br bond, the
normal first step upon combining a Pd(0) compound and an aryl halide. Coordination and insertion of CO
follows. Addition of N to the carbonyl and loss of Pd(0) gives an iminium ion, which is trapped by EtOH
to give the product.

O o+
’> p}«bp\ d> ( I
p/ SN ¢ T
P —
hs SLS1o N P T —
oxidative |||:> Br  coordination I insertion

addition Ld Br
n
O/> o
=
N j ‘ﬁf\ L)
F}. C ON: - HOEt
llsrc]j” X = @1l Br %d
Br - Pd +
o} O L, O o
Et— Et— O
( _H* :I
@)

() This is another Heck reaction. After the insertion to givestbeund Pd(Il) 3-hydride elimination
occurs in the direction of the OH to give an enol. The enol tautomerizes to the aldehyde.

(k) Make: C1-Cl, C2-C3. Break: none.

4
2 come S > cHo Con‘i
2 4 LiCl, AcOH Cll A3
2 mol% Pd(OAC) 2 CHO

In fact, a mechanism for this reaction can be drawn that does not involve Pd at all, but let's assume that Pd
is required for it to proceed. Qust be nucleophilic. It can add to C1 of the alkyne if the alkyne is

activated by coordination to Pd(ll). (Compare Hg-catalyzed addition of water to alkynes.) Addition of
Cl-to an alkyne—Pd(ll) complex givesseébound Pd(Il) complex. Coordination and insertion of acrolein

into the C2—Pd bond gives a newbound Pd(ll) complex. In the Heck reaction, this complex would
undergd3-hydride elimination, but in this case the Pd enolate simply is protonated to give the enol of the
saturated aldehyde.
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CO,Me COZMe MeO. I bg
‘ _ Lpd ’ | " oo
‘ ‘ coordlnatlon LnP ‘ coordination,

insertion

Meozcj/I PdL, Meo2 MeO,
I L UA/L PN

Cl H O

() A new C—C bond is formed between a nucleophilic C—Sn and an electrophilic C-Br. This Stille
coupling proceeds through the standard oxidative addition, transmetallation, reductive elimination process
characteristic of Pd-catalyzed cross-couplings. The mechanism was discussed in the text (Section 6.3.4).

(m) Make: C1-C10', C2-C10, C3-C7, C8-C10, C10'-O11. Break: C1-009.

7 8 6 7 8
S cat. PA(PPY), & o
5 3., 14 CO, MeOH
AN 10 1 10'11

OAC CO,Me

1

The first step is oxidative addition to the C1-09 bond to makereaitd complex. Both C1 and C3 are
rendered reactive by this step. At this point, we can either make the C1-C10' bond by CO insertion, or
we can make the C3—C7 bond by insertion of the C7=@@&nd into the C3—Pd bond. The first

alternative would be followed by displacement of Pd from C10', requiring a new activation step to
incorporate Pd into the substrate and allow the formation of the other bonds. After insertion of the C7=C8
mtbond into the C3—-Pd bond, though, we get a C8—Pd bond. This can insert CO to give the C8-C10
bond. The C1=C2rbond can now insert into the C10-Pd bond, giving a C1-Pd bond. A second
equivalent of CO then inserts. Finally, displacement of Pd from C10' by MeOH gives the product. The
mechanism by which the Pd displacement proceeds is written as acid-promoted because the by-product of
the reaction is AcOH.
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o H 0 o -—H
+
PdL, PdL, HOMe PdL,
~_ 7 6/H
0: C+on 1

HO Me
=+
- I;’rdLn o (a) coordination, insertion.
SYMELL OMe

(n) Make: C1-C7, C2-C5, C6—-C7. Break: C1-B, O3-C4. C1, with its bond to a negatively charged B,
is nucleophilic.

2 3

_ OCO,Me cat. (PhP),PdC
M Bt + (PRPRPACY
N . 5%6 7CO
Me L|+ Me

A simple Suzuki-type coupling would form a bond between C1 and either C4 or C6. Obviously that isn’t
happening here. The O3—-C4 bond is propargylic, so Pd(0) can undergo oxidative addition here to make a
propargyl—Pd(Il) complex. No new bonds are formed to C4, but the propargyl complex is in equilibrium
with an allenyl complex with a C6—Pd bond. Insertion of CO into this bond gives the C7—C6 bond. Now
transmetallation with the C1-B bond and reductive elimination gives the C1-C7 bond. At this point, the
C2-C5 bond still needs to be formed. An electrocyclic ring-closing forms this bond and gives a zwitter-
ionic oxyallyl. Proton transfer from C2 to C6 reestablishes indole aromaticity and completes the sequence.

OCOM 0_PP + PR
Q&%:Pdipphg 2 PdR, o
<~ AU = (O, @
Me Me Me
PPd ] ®65t3 PdR
O S
Me (b) ()

Me

%ZE;
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(a) coordination, insertior(p) transmetallation{c) reductive elimination.

(0) The simplest mechanism that can be drawn for this reaction is as follows. First the Pt(IV) precatalyst
needs to be reduced to Pt(ll). This can be accomplishedbyd metathesis of two Pt—CI bonds with
Cl3Si—H to give a Pt(IV) dihydride, which can undergo reductive elimination to give a Pt(Il) species. (The
Pt species are shown as Rt&@hd PtC}, but of course other ligands may be present.) The catalytic cycle
then proceeds by oxidative addition og&i-H to Pt(ll), coordination and insertion of the alkene into the
Pt—H bond, and reductive elimination of the product, just like a Pd-catalyzed hydrogenation.

CI\I;t/CI m Cl \gt/H (a) o bond metathesis;
cl” ~cl (a) Cl” "H (b) reductive elimination;
L (b) (c) oxidative addition;
(d) coordination, insertion.

Cl! HSiICl; Cl_Iv_H

pt —= t
cl” (©) Cl” " SiCl
clsi” > siMe, j‘ (b) @ L N sive,
_ Cl N\
o Pt\/_\l/\ SiMe,
ICl3

Experiments show that the actual mechanism of this reaction is considerably more complex than the one
shown [radicals may be involved, especially in the reduction of Pt(IV) to Pt(Il)], but the simple mecha-
nism above provides a starting point for further investigation.

(p) The reaction is a carbonylative Stille coupling. The mechanism was discussed in the text (Section
6.3.4).

(q) Addition of a nucleophile to an alkene is catalyzed by Pd(ll) salts. The Pd(ll) coordinates to the
alkene and makes it electrophilic, and the nucleophile attacks to give a C—Pd bond. In this case, because
the substrate is a diene, the product is an allylpalladium(ll) complex, a good electrophile. It is attacked by
AcO-to give the organic product plus Pd(0), t@en oxidizes the Pd(0) back to Pd(ll).
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Pd(i) m\z A .
SO,Ph T ON SOZPh “oN" > soph

"Pd \/ ~OAC Pd!
H H
Aco- N AcO Oy +2 H
h + Pd(0) %, Pd(Il)
H SOPh H SOPh
2 ON S ON % 2 0

(r) Addition of a nucleophile to an alkene is catalyzed by Pd(ll) salts. The product, an alkylpalladium(ll)
compound, usually undergopshydride elimination, but in this case insertion of CO occurs to give an
acylpalladium(ll) complex. Displacement of Pd(0) by MeOH gives the product. Pd(0) is reoxidized to
Pd(ll) by CuCj.

Me
(a) R
Pd”
(b)
dll dll
w OH = prod. + pd SUCk py!

(a) coordlnatlon;(b) coordination, insertion(c) B-hydride elimination.

(s) This reaction is a neat twist on allylic substitution. Pd(0) (generated in situ, perhaps by oxidation of
CO to CQ) reacts with the allylic epoxide by backside displacement to give a zwittensailyljPd(11)
complex. MeOH protonates the alkoxide, and Mé#&n coordinates to Pd. Tiwallyl group is in

equilibrium with ac-allyl group, and coordination and insertion of CO into the Pa+0nd provides an
acylpalladium(ll) complex. Reductive elimination of the ester regenerates Pd(0).
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"Par* " [Pd}-OMe . [PdI-OMe

O_ 020
H
[Pd] (b) f CO
d

()
' [Pd} OMe
[Pd] ) SN
-~ co
p p fe > )
H

(a) §y2-type oxidative addition; (b) ligand association; (c) insertion; (d) reductive elimination.

(t) Pd-catalyzed substitutions of aryl halides proceed by an oxidative addition—ligand substitution—
reductive elimination mechanism.

Cs,COs
o

[Pd] —

M [PdC cl

(C)
Sen
M M [Pd}- O

(a) oxidative addition; (b) ligand substitution; (c) reductive elimination.

(u) Make: C2-C7, N5-C6. Break: [1-C2.

3 4.5 6 7 3 5
CE\NHAC PhC=CCOLEt 2 NAC
LiCl, KOAc, P
2] cat. Pd(OAC) 2 Y7 Ph
CO,Et

The first step, as usual with aryl halides, is oxidative addition of Pd(0) to the C—I bond. This step makes
C2 reactive. Coordination of the alkyne to Pd(Il) and insertion makes the C2—C7 bond and gives an
alkenylpalladium(ll) complex. Finally, coordination of N to Pd(Il), removal of HI by the base, and
reductive elimination provides the product and regenerates Pd(0).
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Oi\NHAC ©i\NHAC (b) NHAC
[Pd—I [IIIDd]—I

EtO,C—=
[Pd]° © \
d (€) NHAC
_ YPd}-I
”[Pd] -— ”[Pd]—l
CO,Et EtO,C Ph EtO,C Ph

(a) oxidative addition; (b) ligand association; (c) insertion; (d) reductive elimination.

2. (a) Make: C2-C6, 0O8-Si9. We also remove one H from Si9 and add one to C7. Tiis in the (ll)
oxidation state. Low-valent Ti compounds are commonly used for reductive coupling reactions. We can
form the C6—C2 bond by such a reductive coupling.

1CH

9
8 9 i
0 Ph,SiH, 3 ?SlHPq
1 : -
H,C™ 2 28 oY  cat CpTi(PMey), 7

CHj

Dissociation of MgP from the 18-electron complex gives a 16-electron complex. Association of the
carbonyl group gives a Ti(lflx complex that can also be described as a Ti(IV) metallaoxirane. Dissoci-
ation of the second MP, association of the alkene, and migratory insertion into the C2—Ti bond gives a
five-membered metallacycle.

c)k/%’x ™ 3 "
_PMe; dissociation ! H I N/ |\_/A/?é
CpZTl < % diSsociaer Cp,Ti-PMeg 3 > Cp,Ti 5 - Cp2T||\ o

PMe; association I
PMe; PMe;

\%
CH = CH Cp,Ti
v ° ligand substitution )| * insertion P2 \/tli>
Cp2T||\O > Cp,Ti( —_— o

v O CHg
PMe;
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We still need to form the O8-Si9 bond, break the C7-Ti bond, and regenerate Tglhordl metathesis
between the Si9—H and Ti—O8 bonds can occur to give a very strong Si9—08 bond and a Ti—-H bond. No
change in the Ti(IV) oxidation state occurs. Reductive elimination from Ti(IV) gives the product and
regenerates Ti(ll).

\Y;
v Cp,Ti .

cpyTil P2 \ : PMe;

H O o bond H o association

\Sinph CHs metathesis PhHZSi/ CH4
PMe;
szl\-l/-|| redUCtlve I H3C
\/tp elimination Cp,Ti-PMe, j’i>
H o 0
PhHSI  CHy PhH,SI”  CH;

(b) Make: C4=C5' and C4'=C5 (x' indicates that atom in another molecule). Break: C4=C5. Mo is in the
(VI) oxidation state, so it is&d The complex is a 14-electron complex. (The ArN= group uses the N lone
pair to contribute another pair of electrons.) This is a ROMP reaction, i.e. ring-opening metathesis
polymerization (Section 6.4.2).

. cat. wAr
: 6 1 CF; t-BuO-Iylo\ t-Bu
74 t-BuO _
4 3 2

Compounds containing M=C bonds can undergo [2+2] cycloadditions, and this reaction allows olefin
metathesis to occur. The Mo=C bond [2+2] cycloadds to the C4=C5 bond to give a metallacyclobutane.
A retro [2+2] cycloaddition cleaves the C4=C5 bond and makes a Mo=C4 bond. This new bond cyclo-
adds across another C4'=C5' bond to make a new C4-C5' bond; retro [2+2] cycloaddition cleaves the
C4=C5 bond and completes the formation of the C4=C5' bond. The process repeats itself many times
over to make the polymer. No change in Mo’s oxidation state or d electron count occurs in any step.

t-Bu retro
Ck; [2+2] F3 [2+2]
Mo/> h >
Ck;
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t-Bu

N\ CFs 247] CFs [SHS]

FoC 12*2] ke Aerel
A 4 CF, ) CF,
F3C LnMO F3C n
CF,
retro F.C
[2+2] [2+2] '3 Y
o o 3

F3 CFs

LnMO\

Ck;

(c) Make: C1-C5, C2—-H. Break: C5-H. Rhis in the (I) oxidation state, hencé;ithe dwo acetone
molecules are counted as two-electron donors, so it is a 16-electron complex.

t-Bu ) )
6 5 mol% (BINAP)Rh(acetong PR, BU >_ 0
1 3 5_0O -
’ e 3 4

Essentially the C1=C2 bond is inserted into the C5—H bond. This suggests that the Rh oxidatively adds
across the C5-H bond. Rh can do this with aldehydes. After oxidative addition to the C5-H bond to give
a Rh(lll) complex, insertion and reductive elimination give the product and regenerate Rh(l). Solvent
molecules may be associating or dissociating at any point in the sequence.

@) e )
/U L,Rh /C( association,
- £ ittt
t-Bu H' " oxidative addition t-Bu Eh_H insertion

n

i

+

LnRth} O - L:Rf!l H>(>: @)
t-Bu reductive elimination t-Bu

(d) Alkene isomerization can proceed by an oxidative addition (to the allylic C—H bond)/ reductive
elimination sequence or by an insertiffitydride elimination sequence. Wilkinson’s catalyst normally
isomerizes alkenes by the first mechanism. However, in this case BuLi is added to the catalyst first. This
will give a Rh—alkyl bond, which can decompose3dyydride elimination (as many metal alkyls do) to a

Rh—H bond. Now the catalyst can carry out the inseffidrydride elimination sequence to isomerize the
alkene to a thermodynamic mixture of isomers. The most conjugated alkene is the lowest in energy and is
obtained in greatest proportion.
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PPRy PPh PP
n-BuLi
Pth—Rh Cl ~ Phy P—Rhw - Ph3P—Rh—
| hydride elimination |
PPh, transmetallation PPh B-hy PPh
Sugar— Sugar—
=z
CH/\ CHs CH/%CHf*
CHs (@) Sugar— | /PPh‘ (b) CH,
(b) ' () ||
Ph3P—Rh— CH; PPh PhP—Rh—H
PP@ _ PPh

(a) coordination, insertior(p) B-hydride elimination.

(e) The product is missing C1 and C8. They are lost@s8H, . Make: C2=C7, C1=C8. Break:
C1=C2, C7=C8. The Ru complex is 16-electrahh,RL(IV). This is another olefin metathesis reaction,
except this time it is ringlosingmetathesis. The mechanism proceeds by a series of [2+2] and retro
[2+2] cycloadditions. The R group starts off as CH=&Pht after one cycle R= H.

Cl — CPh,
Fcm 4 /'\/ 5 mol% Cng: Ru=/_ chflr\l 3

Bn

ey — ‘|
8 8
7N O 7
Bn R Bn R
R retro /'\
Fcm Fcm
J\/ e \NJ\(\‘ 2+ NN i)
POCE B OCE Ot
X O \n O X
Bn Bn
retro
F
ch\N [2+2] cm\N RuL,
RuL, — | I
O O

() See answer to in-chapter problem 6.6.

(9) Make: C3—C7 (x2), C4—C6 (x2), C6—C7. Niis in the (0) oxidation state. Nj(t=odh 18-electron
complex. (PBP)Ni(cod) is also an 18-electron complex. The fact that we are making six-membered
rings from isolatedt bonds suggests a cyclotrimerization.
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Coordination of Ni(0) to the alkyne givestaomplex, which can be written in its Ni(ll) resonance form.
Coordination and insertion of another alkyne forms the new C6—C7 bond and gives a nickelacyclopenta-
diene. Maleimide may react with the metallacycle by coordination, insertion, and reductive elimination to
give a cyclohexadiene. Alternatively, [4+2] cycloaddition to the metallacycle followed by retro [4+1]
cycloaddtion to expel Ni(0) gives the same cyclohexadiene. The cyclohexadiene can undergo Diels—Alder
reaction with another equivalent of maleimide to give the observed product.

Hx Hx
PhhP. 0 HX—=—HX PhP_0 Ph,P_ i HX—=—HXx
i —— rg\Ni—|| SISV -
PhP” coordination Ph,P” PhsP” coordination
Hx HXx

Per\ PRI
msertlon Ph3P’ / [4+2]
PhP_ 11 PPR Ph3P\ 0
Hx NR
7/ ') " retro [4+2] RN
Hx [4+2]

HXx NR
O

(h) Make: C1-Si7, C6-C2, C5-H. Break: Si7—H. Y is in the (lll) oxidation state iPtid alectron
complex.

1

2 4 7 6 o
1 /WS PhSiH; 5 <:|\2 SiH,Ph
> 7
: 5 mol% Cp*»YMe
OSiRs ? 2 3 OSiR,

The overall transformation involves insertion of the C5=C6 and the C&40hds into the Si7—H bond.
An oxidative addition of Si—H to Y, insertion, insertion, reductive elimination sequence might occur. The
problem with this is that thé®dY complex can’t do oxidative addition. The alternative by which the Si—H
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bond is activated is @ bond metathesis process. Gp*Me undergoes bond metathesis with the Si—H
bond to give Cp3Y—H. Coordination and insertion of the C5=@6ond into the Y—H bond gives the
C5-H bond and a C6-Y bond. Coordination and insertion of the Cip6@d into the C6-Y bond
gives the key C6—C2 bond and a C1-Y bond. Finallypnd metathesis occurs once more to make the
C1-Si bond and regenerate Gjg*H.

H=SiHPh MeSIHZPh (Cp*),Y— )\/ (Cp*)ZY\kj\
(Cp*),Y—Me (a) (b) (b)
Z > 0siR, OSiR

PhH,SI

YCp*, SiH,Ph
—  (Cp*Y—H +
OSiR, (a) OSiR,

(a) o bond metathesigb) coordination, insertion.

() Make: C6-C1. Break: C6-B7.

6
04 Bulb 7 Me O4
;\Z)b \/\B(OH)z; Wb
Me Me cat.Rh(acac)(CQ) By~ X - Me
PhP(CH,),PPh,
MeOH, H,0

The reaction looks like a conjugate addition. A C6—Rh bond could insert into the @b<@d. The
C6—Rh bond could be made by transmetallation.

@)
BU\/\ /\)I\
Rh u\/\ Rh .
transmetallatlon coordlnatlon
Bu X Rh! Me
N o LK J
Bu/\ F Me — BuT X Me insertion
Me Me H+<) Rh

() Make: C1-C12, C2—-C6, C7-C11.
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= 8
3 5 4 9
2 ~4 6 12 cat Ch(CysPRRU=CHPh @ N1/ ©
1 o) 7 9 11 : 3 >
/\ X s O.10 A 3 —10
1 12

The overall reaction is a cyclotrimerization. Cyclotrimerizations are usually catalyzed by low-valent Co or
Ni complexes by a reductive coupling mechanism, but the Ru=C complex lives to do [2+2] cycloaddi-
tions, so letit. Cycloaddition to the C1=C2 bond gives a ruthenacyclobutene, which can undergo electro-
cyclic ring opening to give a Ru=G2bond. Thistbond can do a [2+2] cycloaddition to the C63C7

bond. Another ring opening, another [2+2] cycloaddition, another ring opening, another [2+2] cyclo-
addition, and a [2+2] retrocycloaddition give the product and regenerate the catalyst.

O O
N N
. 2 e
Ph A ) Ph™ \ )
Ru Ru

(k) The mechanism of this intramolecular Rh-catalyzed [5 + 2] cycloaddition proceeds by the mechanism
shown in Section 6.2.12 (with the alkyne in the text replaced by the vinyl group in the substrate in this
problem) or by the one shown in the answer to Problem 6.17.

() This reaction is a variation of the hydroformylation reaction. Transmetallation of Rh(l)(acac) with the
alkylmercury(l) compound gives CIHg(acac) and an alkylrhodium(l) compound. Oxidative additign of H
gives a Rh(lll) compound, and coordination and insertion of CO gives the acylrhodium(lll) compound.
Reductive elimination then gives the product and regenerates Rh(I) — but as a Rh—H, not as Rh(acac).
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I
CIHg—acac

b
gs LIt [M
[Rh]—acac(a) [th]—H w\)

o
) H H
S e
H H co

Once Rh()-H is generated, the transmetallation between it and R—HgCl gives Rh(I)-R and H-HgCI. The
latter compound decomposes to Hg(0) and HCI.

HCl + H® ~— ClHg—H

H

I &/[Rh] —» [Rh]
HgCl s/ ||_| (a) transmetallation;
Eb} oxidative addition;

Rh—+ @ (g coordnaton

/\(e) é\)ok H (e) reductive elimination.
&)OL [Rh] g\/[RHi—H
H CO

3. (a) Make: C1-C11, C8-C10. Break: C1-OAc, C8-C9(@Dd)s—alkyne complexes are prone to

form cations at the propargylic position because the C—Co bonds hyperconjugatively stabilize the cation.
The C10=C1litbond can add to a C1 cation. Pinacol rearrangement (1,2-shift) then breaks the C8—C9
bond. Loss of Hfrom O completes the sequence.

(CO), (CO),
Co Co

AcO
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— 0+
XAl —Q

OMe OMe OMe

(b) Addition of Cg(CO)g to an alkyne forms the GECO)s—alkyne complex. Propargyl cation formation

is thereby enhanced. The Lewis acid coordinates to the less hindered OEt group, converting it into a good
leaving group. It leaves to give the propargyl cation, which is attacked by the alkene to form the eight-
membered ring. Loss of M8i* gives the product. Because of ring strain, the eight-membered ring could
not form if the alkyne were not coordinated to,(@0)s. The Cg(CO)g both reduces the bond angles

around the “alkyne” C’andreduces the entropic barrier to eight-membered ring formation by holding the
two “alkyne” substituents near one another.

(CO), (CO)s
W Co Me H Co
N b ColCO)
—_2CO
OEt
(CO);
Me co Me 4 ). H ).
> Co(CO) > Co(CO) = Co(CO)
orR OR OR
H

Me;Si Me;Si

(c) Make: C1-C8, C2-C6, C7—C8. Break: Co—C1, Co-C2, Co—C8.
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Conversion of a C4CO)gz—alkyne complex into a cyclopentenone is the Pauson—Khand reaction. It
proceeds by loss of CO from one Co to make a 16-electron complex, coordination and insertion of the
C6=C7mtbond into the C2—-Co bond to make the C2—C6 bond and a C7—Co bond, migratory insertion of
CO into the C7—Co bond to make the C7—C8 bond, reductive elimination of the C1-C8 bond from Co,
and decomplexation of the other Co from the C1a®®nd. The mechanism is discussed in the text
(Section B.1.1).

(d) Make: C1-C11, C4-C8. Break: C8—C9. Tiis in the (IV) oxidation state, sdit Bimce we are

forming new bonds from C4 to C8 and C1 to C11, and both C8 and C11 are electrophiles, both C1 and
C4 must act as nucleophiles Normally in a diene one terminus acts as a nucleophile and one terminus acts
as an electrophile. The role of the Ti, then, is to supply the necessary electrons. But Ti(IV) is not a
reducing agent, so the role of the Grignard reagent must be to reduce the Ti.

4 Ti(O-i-Pr),/ 2i-PrMgCl;
. 2 3 s 6 7)1\9 i(O-i-Pr)y/ 2i-PrMgCl; 1 2
/\/\/\O s> OFt Etg:ch:{Z Et 5 6 07

Addition of the Grignard to Ti(@-Pr), will displace twa-PrO- groups and giva-PrO)Ti(i-Pr). B-

Hydride abstraction (d8-hydride elimination followed by reductive elimination) then gives a Ti(ll)-alkene
complex  titanacyclopropane. Coordination of the C3=Q04ond and loss of propene gives a new
titanacyclopropane; coordination of O10 promotes the formation of this particular titanacyclopropane.
Insertion of the C8=C10 bond into the Ti—-C4 bond forms the crucial C4—C8 bond. Expulsior of EtO
from C8 gives the lactone; the Et@an coordinate to Ti(IV). There is still a Ti-C3 bond, so C3 is
nucleophilic, as is C1 by vinylology. Nucleophilic addition of C1 to C11 and agueous workup gives the
product.

HaG CH,

. . . . CH;
I-PFQ |V/O-Pr 2 I-PI’—MgCl I-PFQ|Y \/>|C_|:H3 I-PFQ |-\/<( I-PFQ |! (

Ti Ti —_ Ti
-p “a-pr @ i-Prgf >‘:’7H ®) iprg

H3C H

Ti T
i-PrO/
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OEt OEt OEt

Of:l\o i-PrQ (CH?) \Y; /A
L/\) + i_pdl o (%\) - (RO)2T| 6)»

/\OEt III)PQr ?OE
OEt i-Pr
(RO)ZI\'I/'i/\/ o _ (RO)I;/Ti' o Et" No Et\;wn v,/ 0
(€) 0 )
~ ~ <
0
OH

(a) transmetallation{b) B-hydride abstractior(c) ligand substitution{d) insertion;
(e) B-alkoxy eliminationj(f) coordination.

(e) Make: C2—I, C3—C4. Break: C2-Br. Since C4 is electrophilic, C3 must be made nucleophilic. This
would be the role of the Zr complex.

1 -OCH, BuLi CHCN.A 1, HsC 2 M4
- . 1
, N-BULL; . LN, 8 2 3 AN 3 CH,
Cp,Zr(Me)Cl
Br P

3

Addition of BuLi to ArBr results in halogen—metal exchange to give ArLi. Addition gZ&Me)Cl to

ArLi gives transmetallation to give Gor(Me)Ar and LiCl. We need to make a Zr—C3 bond in order to
render C3 nucleophilic. This can be done Iyhgydride abstraction reaction to give a zirconacyclo-
propane. Insertion of the €M bond into the C3—Zr bond gives the crucial C3—C4 bond. We still need
to form the C2—-1 bond. Addition 0% tleaves the C2—-Zr bond and gives the C2—I bond. Aqueous
workup cleaves the N-Zr bond to give the observed product.

_Me H3C
OCH;
©i Li—n-Bu ©i szzr\m A
transmetallatlon CRlr'e~J B-hydride
\
I\D 4 abstraction
Cp,
I\I/Zr OCH;
CHiC=N \ —I
Cp,Zr —_—
msertlon HyC o bond

metathesis



Chapter 6 34

sz;r I OCH, I OCH;,;
N - H
\ work-up
H,C H,C

(N This reaction proceeds via mechanisms similar to the previous two problems. The Grignard reagent
reduces Ti(IV) to a Ti(ll)—propene complex. Exchange of propene with the imine gives a titanaaziridine
complex. Insertion of the alkyne into the C—Ti bond gives a titanapyrrolidine. Additigclebizes the

C-Ti bond in favor of a C—I bond. Aqueous workup then gives the product.

(g) Make: C2—-C3. C3is electrophilic, so C2 must be made nucleophilic.

O
O
3
Me/\éQL N/«O

Cp,Zr(H)Cl  CuBr-SMe Ph_..v

Bu/\

Addition of an alkene to a compound containing a metal-H bond usually results in insertion, and it does in
this case, too, to give the stabléralkylmetal. Addition of CuBr to this complex might result in
transmetallation, to give a C2—Cu bond. Addition of the copper compound to the unsaturated imide gives
conjugate addition, perhaps by coordination of the C3r6dnd and insertion into the C2—Cu bond.

Workup gives the observed product.

O
c Z/H Bu/\ . CuBr-SMe Lc Y /\)%
r r e
P2 ¢l insertion P2 \/CI\ : U/\ =
Bu Bu
O
/\)‘ﬁ; Me ? o
Me } //<
(\Cu insertion B "o =
insertion
I—n LnCU \\“"\\/
Bu Bn
Me  OCulL, O Me O o)

Bu/\)\)\ I\E’/</O work-up Bu/\)\)l\ I\E’/</O

Bn" Bn"

(h) Hg(ll) salts coordinate to alkenes and make them more electrophilic. In this case, the N can attack the
alkene—Hg complex, giving an alkylmercury intermediate.
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Hg2+
2+Hg\\ Iy H CRCO,
BnO —» BnO BnO
Bn& % BH&S

The NaBH, replaces the Hg+4ZCF; bond with a Hg—H bond.

/\H

)
CF3COZ— Hg ﬁn I H- Hg %n
BnO — BnO
Bn& H- E|3 H Bn&

OBn H OBn

Free-radical decomposition of the alkylmercury hydride then occurs to replace the C—Hg bond with a C-O
bond, with the O coming from- The free-radical reaction gives a hydroperoxide C—-OOH.

Initiation: / N\ H- Hg «Hg
"0-0 Bpo —  BnoO
BnO BnO

Propagation

‘H .
Bnog&ﬁn o) Bnoﬁin 00 Bno&
BnO BnO BnO
OBn
HZ Mg BnQ +Hg
wOBnr/BnO %
Oo— @)

O%rl]?)n + Bn(?]
Finally, the hydroperoxide is reduced to the alcohol C-OH by excess NaBH
HO o’/\'ﬁ HO BN
BnO —  BnO N
Bn& H= IT% H " Bn&

OBn H OBnN

— OH

(i) Make: C1-C3, C1-C10, C3-C4, C5-C9. Break: C1-Cr2, C3-Cr2.
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The first step is cycloaddition of the Cr=C3 bond to the alkyne to make the C3—-C4 bond. The
chromacyclobutene undergoes electrocyclic ring opening to give a new Cr=C3 bond, which undergoes
intramolecular [2 + 2] cycloaddition with the other alkyne to form the C5—C9 bond. The new
chromacyclobutene undergoes electrocyclic ring opening to give a new Cr=C10 bond. Insertion of CO
into the Cr=C10 bond gives the ketene, which undergoes electrocyclic ring closing to give the product.

OMe
oMe  ~Z N (COXCI—3—Me
(CO)SCr:< - - 2,
Me [2+2] T 5
M 3
(OCKCr_ insertion

10 9 10
M& 3 M
N M
D0 -0
/‘
1 10

() Going from starting material to product, an O is replaced by agtétip. The CHgroup must come

from Cp,TiMe,. The missing O must go to Ti. The question is, which O is the missing one: O8 or O9.
Even though the product has a carbonyl, that does not mean that the carbonyl O in the product is O9, as in
the starting material. In fact, because O9 in the starting material is more reactive, it in fact is the one that
reacts with Ti and ends up excised from the starting material. Make: C1-C10, C7—C10, O9-Ti. Break:
C3-08, C7-09, Ti-C10, Ti-C11.

3 : OBn L
1/\_/\‘5/\/ CpZTI\NIell
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The first step isi-hydride abstraction in GpiMe,, to cleave the C11-Ti bond and give,Cg-CH,. This
compound undergoes [2 + 2] cycloaddition with the C7=09 bond to give new C7—-C10 and O9-Ti bonds,
and [2 + 2] retrocycloaddition cleaves the Ti—C10 bond. Finally, the diene undergoes a Claisen
rearrangement to give the product.

C T'/NIe 4 Cp,Ti=CH
PTIN e~ CReT 2

O, —_— @) (@) S
T [2 + 2] retro [2 + 2]
@)

OBn ; OBn

4. Oxidative addition of Pd(0) tocs-dihaloethylene gives an intermediate that can und&twgide

elimination. The C-Br or C—I bond is more prone to und@rgtimination than the much stronger C—ClI

bond. The transmetallation and reductive elimination steps of the Sonogashira coupling have more time to
occur when a C—Cl bond [sto Pd than when a C—Br or C—I bon@it Pd.

I / m + IF|>d><;2 faster when X=Br or |
X

X Pd-
[ _Pd(©) [ R
Z

1l
X X Pb——R

\ [ — | faster when X= CI
X
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